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content  fn  tne  range  of  AO  - 751  (:  51)  oxide  during  Ciiermal  exposure. 

Above  end  below  Uiis  range,  the  soiar  abeorptance  decreased  rapidly,  in 
this  range,  the  thermal  emittanca  decreased  linearly  with  increasing 

Both  black  chrome  films  and  chromium  show  logarithmic  oxidation 
behavior  during  thermal  exposure.  Elapid  initial  oxidation  was  followed 
by  increasingly  slower  oxidation.  Thus,  the  as-deposited  oxide  did  not 
protect  the  chromium  particles  from  further  oxidation  and  the  oxide  that 
forms  during  thermal  exposure  is  required  for  passivation.  The  thickness 
of  the  passivating  layer  is  a function  of  temperature  and  time  and  results 
in  a smaller  size  of  Cr  particulate.  In  addition,  experimental  evidence 
suggests  that  oxidation  during  tnennal  exposure  results  in  an  outer  Cr202 
layer  which  thickens  at  higher  temperatures  or  longer  times  and  results  in 
a smaller  Increase  in  the  oxide  content  deep  in  the  film.  Therefore,  void 
volume  and  void  distribution,  even  if  initially  uniform,  become  non-uniform 
on  thermal  exposure. 

The  Maxwell-Garnett  theory  can  be  extended  to  predict  Che  behavior 
of  black  chrome  films  with  respect  to  changes  in  their  dielectric  consUnt, 
reflectance,  absorptance  and  emittance.  The  microstnjctural  model,  comprised 
of  a sphere  of  chromium  covered  with  a dense  oxide  and  embedded  in  a medium 
bf  as-deposited  oxide  and  air,  gives  reasonable  correlations  with  observed 
values,  but  is  limited  by  the  non-incorporation  of  changes  in  voids  and 


agglomerate  si : 


CHAPTER  I 

PHOTOTHERMAl.  SOLAR  ENEROY  CONVERSION 
Introduction 

Solar  energy  is  being  increasingly  viewed  as  a viable  source  of 
usable  energy.  In  addition,  it  has  the  advantages  of  being  environment- 
ally benign  and  inexhaustible  in  quantity.’’^  The  AHO  and  AHE  solar 
energy  spectra  are  shown  in  Figure  1;  AMO.  called  air  mass  zero,  refers 
to  the  spectrum  in  outer  space,  while  AMR,  called  air  mass  two,  refers 
to  the  spectrum  after  it  has  passed  through  two  air  masses.  Note  that 
961  of  the  AM2  energy  is  at  wavelengths  shorter  than  2 um.  For  compari- 
son, the  spectral  selectivity  of  the  human  eye  is  also  shown;  it  covers 
only  about  401  of  the  AM2  rafllation-  The  interactions  between  the  air 
masses  and  solar  radiation  results  in  both  a decrease  in  the  total  amount 
of  radiated  energy  and  an  increase  in  the  diffuse  component.  The  AMO 
solar  radiation  has  about  1360  watts/m^,  while  the  AM2  radiation  has  only 
about  755  watts/m^^ 

A wide  range  of  technologies  is  necessary  to  accomplish  the  goal  of 
oonverting  solar  energy  into  useful  forms  of  energy  such  as  heat,  chemical 
fuels  or  electricity.  The  extent  to  which  solar  energy  is  presently  being 
utilized  is,  however,  primarily  restricted  by  the  technological  limitations 
restricting  their  economical  usage. ^ Nowhere  is  this  more  obvious  than  in 
the  materials  used  for  conversion.  The  converter  materials  in  the  present 
generation  have  low  conversion  efficiencies,  short  lifetime  and/or  high 
Cflst.'*^  Thus,  for  solar  energy  to  become  a practical  source  of  energy, 
improvements  inthe  converter  material  are  of  paramount  importance. 


Mave1«ngth  (j!v) 


Spectral  distribution  of  solar  radiation  at  WO  and 
AME  and  black  body  re-radiant  spectra.  The  hatcbed 
portion  represents  the  spectral  sensitivity  of  the 
human  eye. 


Direct  solar  energy  conversion  can  be  classified  as  photoelectric, 
photochemical  or  ghotothermal , depending  on  the  product  of  conversion, 
Photochemical  and  photothermal  conversions  presently  constitute  the 
largest  segment.  However,  photochemical  conversion  is  not  yet  directly 
available  as  chemical  energy  for  Industrial  purposes;^  it  is  almost 
exclusively  being  used  by  nature,  e.g.,  plants.  The  two  classes  of 
practical  interest  are  photoelectric  and  photothermal . The  present 
generation  of  photoelectric  converters  have  low  efficiencies  (i  185) 
and  are  expensive.^"®  Photothermal  converters,  in  contrast,  often  show 
efficiencies  of  501  or  more,  thereby  providing  incentive  to  Improve 
their  lifetime  and  reduce  their  cost-  This  directly  results  in  the 
present  research,  viz.,  investigation  of  the  factors  that  control  the 
properties  and  stability  of  one  of  the  more  promising  photothermal  con- 
verters: the  black  chrome  selective  solar  absorber  coatings. 

Photothermal  solar  energy  conversion  is  of  interest  since  it  shows 
promise  for  utilitation  not  only  as  thermal  energy,  but  also  as  a viable 
route  for  electrical  power  generation.'^  In  photothermal  conversion, 
photons  of  solar  radiation  are  converted  to  phonons  in  the  absorbing 
material . The  energy  can  then  be  transferred  to  a working  fluid,  such 
as  steam,  which  provides  the  necessary  energy  (through  a thermodynamic 
cycle)  for  an  electrical  generator.^'® 

A solar  collection  system  typically  consists  of  an  absorbing 
surface,  glazing  to  reduce  convective  heat  loss,  insulation  and  a heat 
transfer  medium. For  systems  designed  for  higher  temperature  (and 
energy),  reflectors  are  used  to  concentrate  the  radiation.  For  concen- 
trations greater  than  tenfold,  tracking  of  the  sun  is  essential.'"^ 


photothsrmal 


A Urge  number  of  potential  candidates  exist  for  use  as 
converters.'"'^  Ttiese  range  from  an  absorber  as  simple  as  black  paint  to 
something  as  complex  as  a multilayer  stack  or  a wavelength  discriminating 
surface.'’'^  For  low  temperature  applications  (S  200’C),  the  number  of 
suitable  candidates  is  large.  Economy  then  becomes  the  primary  reason 
for  choosing  a particular  type  of  absorber.  At  temperatures  above  250"C, 
the  number  of  suitable  materials  is  sharply  reduced  sihce  most  absorbers 
degrade  very  rapidly  at  these  temperatures.®’'^  Such  high  temperatures 
are,  however,  required  if  photothermal  conversion  is  to  prove  viable  for 
electrical  power  generation. 

Spectral  Selectivity 

Apart  from  resistance  to  degradation,  photothermal  converters  must 
have  spectral  selectivity  for  minimal  losses.'  This  is  particularly 
important  for  high  temperature  (2  250°C)  concentrating  collectors.  The 
reason  for  this  can  be  understood  from  Figure  1.1,  which  not  only  shows 
the  solar  energy  spectra,  but  also  the  radiation  spectrum  of  a black 
body  as  a function  of  temperature.  High  conversion  efficiencies  can 
only  be  achieved  if  the  body  absorbs  as  much  of  the  solar  radiation 
as  possible  and  prevents  much  of  the  black  body  re-radiation  in  the 
infrared  region.  Comparing  the  solar  W2  spectrum  and  that  for  a black 
body  at  700°C  in  Figure  1.1,  there  is  an  overlap  of  two  spectra  of  only 
about  5S  on  either  side  of  2 um.  This  is  because  the  solar  energy 
spectrum  has  - 95%  of  its  energy  at  wavelengths  less  than  2 um,  while 
the  re-radiant  black  body  spectrum  has  - 95%  of  its  energy  at  wavelengths 
greater  than  2 um.  Therefore,  an  absorber  system  that  has  high  absorptance 


at  wavelengths  less  than  2 ua>  with  simultanecus  suppression  of  emission 
attove  2 Uhl  ivould  have  the  highest  possible  converter  efficiency.  The 
spectra!  profile  of  an  (deal  converter  Is  shown  In  Figure  1.2.'  A 
typical  real  converter  profile  is  also  included.  It  is  Important  to 
note  that  such  spectral  selectivity  is  important  only  when  working  at 
higher  temperatures,  i.e.,  at  temperatures  above  250°C.  At  lower  temper- 
atures, the  decrease  in  efficiency  due  to  nonselectivity  is  quite  small. 
Such  systems  rarely  require  the  use  of  spectrally  selective  absorbers. 
Note,  however,  that  a small  advantage  accimies  to  these  absorbers  if  the 
cost  is  the  same  as  a nonselective  absorbers', 

The  earliest  practical  use  of  spectral  selectivity  in  energy  conver- 
sion was  reported  by  Tabor'  and  Gier  and  Dunckle' ''®  In  1955. 
Although  the  simplest  spectrally  selective  absorber  would  be  a single 
absorber  layer,  no  such  material  is  known  to  exist  in  nature.'  Further- 
more, if  such  a material  had  existed,  it  would  have  been  at  a higher 
temperature  than  its  surroundings.  As  a result,  its  decomposition  would 
probably  have  been  rapid.  Some  materials  do  exist,  however,  that  have 
their  optical  properties  close  to  the  desired  spectral  profile.  The 
reflectance  of  two  such  materials  is  plotted  in  Figure  1 .3,  Note  that 
for  opaque  materials,  high  reflectance  implies  low  absorptance  and  vice 
versa.  Metals  typically  show  high  reflectance  except  at  very  low  wave- 
lengths, while  a heavily  doped  semiconductor  shows  high  reflectance  only 
in  the  very  far  infrared  region.  To  shift  the  spectral  profile  of  either 
material  is  difficult  and  the  practicality  of  doing  so  questionable.' 


' Ide2l  Converte’’ 


Real  Converter 


Figure  1.2  Solar  absorptance  profile  of  ideal  and  real  solar 
energy  absorbers. 


Wavelength  (um) 


Spectral  profiles  of  an  Ideal  converter  versus  that  of 
a heavily  doped  semiconductor  and  a typical  metal 
(ref.  1). 
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Another  approach  used  to  jenerate  the  desired  spectral  profile  Is 
by  the  use  of  wavelength  discrimination.  Hera,  by  making  suitable 
changes  in  the  surface,  e.g.,  by  creating  an  intentionally  roughened 
surface,  spectral  selectivity  can  be  attained.  The  surface  character 
prevents  the  re-radiation  without  significantly  reducing  absorption,'’'^’'® 
However,  structural  surface  effects  are  difficult  to  characterize  and  also 
difficult  to  generate  on  a practical  scale. 

The  next  level  of  complexity  involves  the  use  of  two  materials  in 
tandem  to  achieve  the  desired  spectral  profile.  At  least  two  configura- 
tions are  possible,  as  shown  in  Figure  1 .4.  Of  the  two.  the  dark  mirror 
configuration  has  been  more  actively  investigated.  One  likely  reason  is 
because  metals  fora  a very  attractive  group  of  white  reflectors.  They 
also  have  excellent  thermal  conductivity.  Their  high  reflectance  in  the 
thermal  infrared  effectively  suppresses  the  emittance  while  their  high 
thermal  conductivity  results  in  rapid  transfer  to  the  working  fluid. 

Thus,  almost  without  exception,  the  dark  mirror  spectrally  selective 
absorber  systems  have  a white  metal  reflector  on  which  is  deposited  the 
absorber  coating. 

Black  Chrome  Selective  Solar  Absorbers 

A large  number  of  possible  candidates  have  been  investigated  (and 
suggested)  as  the  absorber  coating. Amongst  these  the  black 
metals  (particularly  black  nickel,  black  copper  and  black  chromium)  have 
received  the  most  attention.'®  An  important  reason  is  because  they  can 
be  coated  by  electrodeposition  technigues  (or  by  other  relatively  inexpen- 
sive technigues,  such  as  spraying),®’'®’®®  This  makes  them  economically 
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Tnore  attractive  than  other  coat1ngs>  such  as  molybdenuin-based  coatings 
that  require  more  espansive  vacuum  deposition  methods.' Amongst 
the  black  metaU,  black  chromium  {henceforth  called  black  chrome)  coatings 
are  being  investigated  most  viidely  for  medium  temperature  applications. 
This  is  because  bath  the  black  copper  and  black  nickel  coatings  are 
unstable  above  300*C.'^’^®'^®  Black  chrome  coatings  have  shown  long 
term  stability  at  temperatures  of  - 4Q0°C  when  plated  under  certain 
conditions Although  black  chrome  has  been  investigated  a number 
of  times, the  characterization  of  its  structure  and  its  correla- 
tion with  optical  properties  is  far  from  complete.  Furthermore,  under- 
standing of  the  factors  that  control  their  long  term  stability  is  also 
incompl ete. 

The  first  mention  of  black  chrome  as  a prospective  solar  absorber 
coating  was  made  by  Tabor  in  1959.'®’^^  But  it  was  not  until  1974  that 
detailed  stuides  were  reported  on  coatings  deposited  using  a proprietary 
bath  developed  by  the  Harshaw  Chemical  Company. Since  then,  numerous 
studies  have  been  reported  where  the  feasibility  of  using  the  electro- 
deposited  black  chrome  films  for  mid-temperature  solar  absorbers  was 
investigated?'"''^’^""^®’^®’^^'^^  The  majority  of  these  coatings  had 
been  electrodeposited  using  the  Chromonyx  bath  developed  by  Harshaw. 
Irrespective  of  the  conditions  under  which  Che  films  have  been  deposited, 
all  the  investigators  report  a mixture  of  chromium  and  chromium  okide(s) 
in  the  film.  Pettit  and  Sowell, Braun  et  al.^^  and  Fan  and  Spura^ 
all  present  evidence  that  the  outer  layer  of  these  films  is  oxide  rich 
and  becomes  more  metallic  as  the  substrate  is  reached;  this  agrees  with 
the  results  discussed  in  this  dissertation.  Clark  et  al.^^  claim  that 


the  oxygen  and  chromium  are  uniformly  diatributed,  while  Zajac  et  a1 
suggest  the  presence  of  hydrated  oxide  in  the  films. 

Evidence,  reported  in  this  dissertation  and  available  from  a number 
of  sources. suggests  a strong  correlation  between  the  deposition 
conditions  and  the  properties  of  the  film.  For  example,  reducing  the  Cr*^ 
concentration  from  16  g/1  Co  B g/1  in  Che  plating  bath  appears  to  have  a 
significant  effect  on  the  long  temi  stability  of  these  films. 

Wicrostructure  of  Slack  Chrome  Films 

Blade  chrome  films  are  a composite  of  chromium  metal,  chromium 
oxides  and  possibly  other  compounds,  such  as  chromium  hydroxides.  The 
films  are  not  very  dense.  Sweet  and  Pettit^^  have  estimated  the  void 
fraction  to  be  ^ 0,6.  The  optical  properties  of  black  chrome  films 
depend  on  the  relative  amounts  of  each  of  the  constituents  and  the  form 
{size,  shape  and  distribution]  in  which  they  are  present. 

There  have  been  several  studies  of  the  microstructure  of  the 
coatings.^"' All  suggest  that  the  films  contain  small 
metallic  chromium  particles  embedded  in  chromium  oxide.  One  suggested 
model  is  shown  in  Figure  1.5.  The  metallic  particles  are  envisaged  as 
being  embedded  in  chromium  oxide  agglomerates  which,  in  turn,  are  separated 
frem  one  another  by  voids.  The  metallic  chromium  particle  size  has  been 
estimated  to  range  from  O.OJ  ' 0.1  un  in  diameter,  while  the  oxide 
agglomerate  size  ranges  up  to  *-  0.2  urn.  Since  the  nature  of  the  inter- 
action depends  on  the  microstructure  of  the  film,  the  optical  properties 
are  directly  related  to  the  structure  of  the  film. 


Figure  i.5  Suggested  moael  of 
selective  solar  aos 
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Alttioiigh  progress  had  been  Tade  In  establishing  correlations 
between  optical  properties,  film  structure  and  the  deposition  conditions, 
much  more  work  was  needed  to  satisfactorily  explain  the  interdependence 
of  the  structure  of  these  black  chrome  films,  their  depcsitlon  conditions, 
optical  properties  and  long  tern  stapinty  at  elevated  temperatures.  This 
research  attempts  to  extend  the  degree  cf  understanding  regarding  black 
metal  and  particularly  black  chrome  selective  solar  absorber  films.' 

The  results  (presented  In  the  following  chapters)  show  that  the  deposition 
conditions  control  the  optical  properties  anO  their  thermal  stability. 

The  as-deposited  oxide  only  weakly  passivates  Che  metallic  Cr  partides- 
Thus,  a passive  oxide  layer  forms  rapidly  on  thermal  exposure.  Its 
thickness  being  a function  of  temperature  and  tine.  Since  the  optical 
properties  remain  at  their  optimum  when  the  oxide  Is  maintained  between 
- ao  and  75  vol.S,  deposition  conditions  that  cause  the  as-deposited  film 
to  have  - 30X  oxide  create  relatively  stable  films.  The  rapid  formation 
of  the  passive  oxide  layer  on  thermal  exposure  raises  the  oxide  content 


Optical  Properties 

The  two  optical  properties  of  interest  are  the  solar  absorptance  (m,) 
and  the  thermal  enittance  (e).  These  reflect  the  ability  of  the  absorber 
system  to  both  ebsorb  the  Incident  solar  energy  and  minimize  the  re-radiation 
losses,  respectively.  Therefore,  a good  solar  absorber  system  must  have 
nigh  solar  absorptance  coupled  with  low  thermal  emlttance. 


Solar  Absarotance  fi.l 

The  expression  for  the  wave1ength>depenOent  solar  aDsorptance  Is 
given  By' 


“x(u.») 


(1.1) 


where  a and  i are  subscripts  used  for  absorbed  and  incident  radiation, 
respectively,  u is  the  cosine  of  the  polar  angle  and  » is  the  aaimuthal 
angle  that  is  absorbed  by  plane  surface;  J,{u,d)  refers  to  the  spectral 
irradiance  of  the  radiation. 

The  hemispherical  solar  absorptance,  o , Is  calculated  by  integration 
over  the  entire  wav^elength  and  hemispherical  angle  ranges.  This  results  in 
/ a,(u,dld.  i (u.oludufledl 

a ■ «.  ^ (1.2) 

• s i ’'l 

In  actual  usage,  Che  calculation  is  greatly  simplified,  as  explained  in 
Chapter  IV. 


Thennal  Emittance  (e) 

The  thermal  emittance  represents  the  fraction  of  the  radiant  energy 
emitted  by  the  surface  in  comparison  to  that  emitted  by  a perfect  black 
body  at  the  same  temperature,  i.e..'’'^ 

T e(X)  egg(X,T)dX 
MBB(X,T)dJ 


tne  subscript  b refers  to  tne  radiancy  of  a black  body,  and 

Cgg(X,T]  ° tbermal  enittance  of  a black  body  at  wavelength 
and  tenperature  T. 

Heasurement  of  thermal  emittance  is  also  quite  straightforward-  The 
practical  method  used  is  explained  in  Chapter  IV. 


CHAPTER  II 
THEORY 

Introduction 

Black  cnrome  films  are  a comoosite  of  chromiuin  metal,  chromium  oxides 
and  possidly  otner  compounds,  such  as  chromium  hydroxides.  The  materials 
are  not  very  dense.  Sweet  and  Pettit^^  have  estimated  the  void  volume 
fraction  to  be  2 0.6.  Thus,  in  order  to  calculate  the  complex  dielectric 
constant  of  the  film,  the  individual  constituents,  their  dielectric  con- 
stants, volume,  site  and  shape  must  be  known.  Furthermore,  other  relevant 
factors,  such  as  distributioh  and  orientation  of  the  particles,  must  be 
known.  It  is,  therefore,  evident  that  calculation  of  the  optical  pnooerties 
is  complicated  by  the  need  to  know  the  values  and  the  effect  of  such  a 
lange  numoen  of  variables. 

The  general  theory  of  dielectric  constants  and  the  conductivities 
of  Inhomogeneous  media  has  been  reviewed  by  Landauer.^^  Siever^^  has 
discussed  their  application  to  spectra!  selectivity,  but  with  major 
emphasis  on  composites  having  particles  much  smaller  than  the  wavelengths 
of  interest  (6  100  A in  diameter).  The  results  are  not  easily  extendable 
to  composites  having  larger  sized  particles,  which  is  the  case  for  black 
chrome  electrodeposited  films  (see  following  chapters). 

Although  the  theory  of  Hie*^  and  Debye,  as  cited  in  Kerker,*^  offer 
a complete  description  for  the  special  case  of  a homogeneous  sphere  in  a 
homogeneous  medium  (providing  the  frequency  dependence  of  the  refractive 
index  is  known),  the  general  problem  of  the  electrofiagnetic  response  of 
an  isolated  conductor  of  arbitrary  size,  shape  and  frequency-dependent 
dielectric  constant  has  not  been  solved. 
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There  are  two  major  theories  used  to  calculate  inhomoQeneous  media 
dielectric  constants.  These  are  the  Haxwell-Sarnett  and  the  Bni99enati 
sjametrical  effective  medium**'**  theories.  The  Maxwell -Garnett  theory 
[henceforth  called  MG  theory)  is  exolained  in  the  following  section  while 
the  Bruggeman  effective  medium  theory  [henceforth  called  BEH  theory]  is 
explained  in  Appendix  A.  Although  several  papers  have  compared  calculated 
values  of  the  complex  dielectric  constant  with  experimental  results  fpr 
black  chrome  films, there  is  still  no  unifying  node!  for  such 
films.  Qne  important  reason  is  the  large  number  of  parameters  involved, 
which  makes  the  number  of  possible  calculations  very  large. 

HaxweH-Gamett  Theory  [WGl 

This  is  one  of  the  major  theories  used  to  calculate  the  dielectric 
constants  of  composite  films. **’*^  Although  the  theory  goes  under  the 
name  "Maxwell -Garnett,"  it  is  derived  from  the  Clausius-Hossotti 
relation, *^’*®'*®  Garnett's  derivation  is  based  on  Maxwell's  equations 
for  propagating  waves,  not  just  on  static  behavior,  thus  the  name 
'Maxwell-Gamett. " The  major  assumption  used  to  derive  the  dielectric 
constant  with  the  MG  theory  is  that  the  composite  n*dium  is  composed 
of  isolated  inclusions  of  one  or  more  materials  in  a continuous  matrix 
material.  By  isolated,  it  is  meant  that  the  perturbation  in  the  fields 
within  the  matrix  due  to  one  inclusion  does  not  extend  to  any  of  the  other 
incl us  ions. 

Consider  the  case  of  spherically  symmetric  polariaable  entities 
inmersed  in  vacuum  (s=1).  If  there  are  n spheres  per  unit  volume,  the 
polarization,  P,  of  the  medium  will  be 


(2.1) 


where  p fs  the  (average)  polarliatiofi  of  each  spherical  particle. 

Due  CO  the  effect  of  polarization,  the  field  will  be  a combination 
of  the  regular  electromagnetic  field,  Ej,  and  the  polarization,  1,e., 

f ■ tg  - - 4nnp  (2.2) 

Equation  (2.E)  is  evaluated  by  assuming  that  the  field  E is  unaffected 
by  the  presence  of  the  dipole  field.  Out  of  the  total  field  of  -4iino,  one 
third  arises  from  inside  the  polarized  volume,  the  remaining  two  thirds 
thus  arises  from  outside  this  volume. This  result  Is  obtained 
assuming  spherical  symmetry,  but  without  assuming  a uniformly  polarizable 
sphere.  Thus,  the  effective  field  Is  (from  equation  (2.2)) 

^eff  “ ^0  ■ T ■ ° ■ T 


Equation  (2.3),  also  called  the  lorentz  expression,  is  valid  only  for 
small  particles  in  a medium  that  has  no  dimension  as  small  as  the  wavelength 
of  light, This  provision  is  satisfied,  except  for  thin  films.  Assume 


P ■ oE,„ 

where  a • oolarizabil ity,  then  In  the  effective  medium  theory, 
(e-1  )E  = 4mp  = 4Tnorjff  = 4nn  (£*jmp) 


(2.4) 


(t-1  )F 


(^)E 


Assulng 


polarizaBle  entity  is  a sphere  of  dielectric 


Combining  (2.5]  and  (2.6), 


where  n * fraction  of  space  occupied  Oy  material  1.  If  the  surrounding 
medium  is  a material  of  dielectric  constant  eo  (instead  of  vacuum), 
epuation  (2.7)  Becomes 


where  the  sunmation  is  over  all  the  particles  within  a dielectric  of 
constant  properties.  This  result  has  been  written  by  Bdttcher^^  as  follows 


li?  ° T ^ '‘k  “k 


N.  * number  density  of  the  kth  particle 
Oy  w polarizability  of  the  kth  particle. 


The  generalized  equations,  (2.9)  and  (2.10), 


we11  founded 


(2.0)  Since  they  assume  that  the  same  effective  field,  T ^ ^ p,  acts  on 
all  the  polarizable  entities.  This  is  not  very  realistic  since,  on  the 
average,  a greater  polarization  surrounds  a highly  polarizable  entity  than 
a Boorly  polarizable  one.*^  One  other  important  feature  to  be  observed 
from  equations  (2.7)  to  (2.10)  is  that  the  results  obtained  will  be  dif- 
ferent depending  on  whether  the  system  is  viewed  as  species  1 embedded  in 
species  2 or  vice  versa.  This  feature  has  been  discussed  in  detail  by 
Landauer.*^ 

Several  approaches  have  beeh  used  to  obtain  for  the  system  where 
the  inclusions  are  ellipsoids  rather  than  spheres. Assuming  that 
the  ellipsoids  are  aligned  with  each  other  and  embedded  in  an  isotropic 
medium,  Cohen  et  have  proposed  a form  of  equation  (2.6)  in  MKS 


where  ^ Kronecker  delta  and  n^^  is  the  depolarization 
factor  for  the  axis  under  consideration.  Equation  (2.11)  is  different 
from  that  proposed  by  (^leener®^  and  Granqvist,^*  which  is 


Cohen  et  al-,*^'®^  who  proposed  equation  (2.11)  have  objected  to  equation 
(2.12)  because  Its  Lorentz  sphere  derivation  gives  unreasonable  results  if 
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the  entities  ere  fist  disks  perpendicular  to  the  field;  these  are 
discussed  in  more  detail  el sewhere.*^'®^  The  derivation  of  equation  (2,111 
essimes  that  the  Lorentt  cavity**  has  the  same  shape  as  the  particles 
(i,e,,  ell iosoida!  1 , Intuitive  arquements  suggest  that  the  same  depolari- 
aation  factor  appears  in  the  calculation  of  the  effective  field  as  in  the 
response  of  the  ellipsoidal  region  to  which  that  field  applies.**'*® 

Sweet  and  Pettit*®  approached  the  solution  in  a somewhat  different 
fashion.  Their  idealization  of  an  "actual"  model  is  shown  in  Figure  2-1. 

In  the  idealized  systen,  the  inclusions  are  replaced  by  ellipsoidal 
particles  sufficiently  isolated  that  Che  field  in  the  matrix  is  essentially 
constant  at  a value  Then,  the  total  field  along  the  x axis  is  given  by 


fj  ■ volume  fraction  of  inclusions  of  type  i, 

E.^(i]  V X component  of  the  constant  field  inside  an  ellipsoidal 
inclusion,  ano 

f * total  volume  fraction  of  inclusions  * ^ f,? 


Assuming  Chat  Che  ellipsoidal  inclusions  have  a scalar  dielectric  constant 
c and  are  aligned  with  tne  principal  axis  along  Che  x direction  in  a 
homogeneous  medium  with  dielectric  constant  e^,*®’**  then 


^VTTl-T^ 


(2. Id) 


depolarization  factor  for 


type  particle- 
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Figure  2.1  Maiwell-Carnett  theory  idealized 
(particle  and  matrix)  composite. 
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Also,  the  average  polarization  rnay  be  written  as 
P’  + 0-f)o^) 

■ Ji  '2-15) 

Since  Arp  ■ (T-l)F  anO  F 1s  given  by  equation  {2.131.  for  e - e,^g,  then 

'2.16, 

where  the  polarization  factors,  e-,  are  aefineO  by 


Equation  (2.16)  is  the  general  equation  OeriveO  b; 
ellipsoidal  shaped  inclusions.  This  reduces  to  cl 


Sweet  and  Pettif’‘  for 
form  shown  in  Equation 


(2.12)«.55,62.6» 

A theoretical  itiodel  ha 
deal  with  the  case  where  Ch 
buted,  both  in  orientation 
is  much  more  complex  than  a 
more  general  case  of  randomly  distributed  orientation 
its  usage  is  restricted  because  of  its  complexity. 

The  MS  theory,  as  derived  above,  breaks  down  wher 
between  Inclusions  become  small,  i.e.,  the  inclusions 
Isolated.  Thus,  for  volume  fractions  of  inclusions  i 
Sarnett  theory  ni 


t they  are  identical . 

been  developed  by  O'Neill  and  Ignatiev^^ 

inclusions  are  assumed  to  be  randomly  distrl- 
id  in  eccentricity.  The  resulting  equation 
' of  the  above.  Thus,  although  valid  for  the 
eccentricity , 


le  distance 


modifications-^2>*2  Furthermore,  actual  films,  such 


IS  black  clirome  films,  have  surface  roughness  variations,  which  add  to 
the  error  resulting  from  the  model 

One  aporoach^^'^’^®’^^  to  overcome  this  proBlem  of  higher  volume 
fraction  of  inclusions  is  to  model  the  inclusions  as  coated  spheres, 
consisting  of  a core  with  dielectric  constent  e surrounded  by  the  coating 
with  dielectric  constant  c^.  The  dielectric  constant  of  such  spheres 
is  then  calculated  based  on  the  ratio  of  Che  core  volume  to  total  particle 
volume.  Other  approaches  have  also  been  util ieed.^^'^'*  These  Involve 
assuming  that  the  particles  are  very  snail,  of  arbitrary  shape  or  have 
an  arbitrary  distribution.  Thus,  the  nature  of  the  assumptions  restrict 
each  model  to  a narrow  range  of  film  structure. 

Beflectivity  Curves 

In  order  to  obtain  reflectance  values,  relations  between  the 
dielectric  constants  and  the  refractive  indei  are  utilized,  viz., 
the  complex  dielectric  function  is  given  by 

c • c,  ♦ jcQ  12.181 

The  index  of  refraction  is  given  by 

n = n ♦ jX  (2.19) 


(2.20) 


{2.21) 


The  values  for  n and  k for  chnmiiwi  as  a function  of  wavelength  have  heen 
reported. Several  values  for  Cr^Oj  have  been  reported^’ 
depending  on  the  fornn  of  Cr202<  ^ values  most  frequently  chosen  are 
those  for  crystalline  CrjOj  since  even  a short  thermal  aging  sequence  has 
been  reported  to  cause  crystallization  of  the  initially  amorphous 
The  refractive  index  of  CrjOj  used  in  this  study  is^^’®® 


Cr,0, 


2“3 


■ 2.5 


ur^Uj 


Scanning  electron  photcmicrographs  of  electrodeposited  black  chrome  films 
reveal  that  the  agglomerates  are  approximately  spherical  in  shape  [see 
following  chapters).  Thennal  exposure  of  these  black  chrome  films  does 
not  significantly  change  the  size  of  the  spherical  agglomerates.  Reported 
data  suggest  that  thermal  exposure  of  black  chrome  containing  nonspherical 
Cr  particles  tends  to  drive  them  towards  a spherical  shape. Therefore, 
assuming  that  the  inclusions  are  spherical  [Lj  • j for  all  i)  is  reasonable. 
All  the  calculations  will  be  made  using  this  assumption  although  the  effect 
of  eccentricity  will  be  discussed  where  necessary. 

The  calculation  of  reflectance  as  a function  of  wavelength  is 
accomolished  using  Rcuard's  method,  described  in  detail  by  Heavens,®® 

Chang  and  Hall®®  and  Sweet  and  Pettit.®®  This  involves  defining  the 
film  as  Daing  composed  of  e series  of  layers,  each  with  its  own  uniform 
dielectric  constant.  The  reflectance  is  then  obtained  by 
of  these  layers,  each  of  constant  refractive  index,  with  light. 


characterized  by 


evident,  the  method  assumes  that  the  film  can  be 
layered  structure,  an  assumption  that  is  not  necessarily  valid  for 
black  chroine  films.  The  calculation  repuires  detailed  information  on 
the  relative  volume  fraction  of  metallic  Cn  and  Cr202  as  a function  of 
depth  into  the  film. 


Model  Calculations 

Calculations  of  and  eg  were  performed  using  the  eduations 
developed  in  the  preceding  sections  and  Appendi*  A,  specifically, 
eguations  (2.16)  and  (A-3).  The  refractive  indices  of  Cr  that  were 
used  are  those  derived  by  Sweet  and  Pettit^^  from  data  reported  by 
Johnson  and  Christy^^  and  Barker  and  Ditzenberger.^^  Sweet  and  Pettit 
obtained  the  refractive  inde>,  plotted  In  Figure  2.2,  by  smootnly  j'oining 
the  data  reported  elsewhere. 

Due  to  the  nature  of  the  solar  energy  spectrum  (Figure  I.l),  the 
wavelength  range  of  primary  Interest  is  0.2  urn  < l < 2 urn.  Calculations 
will,  thenefore,  be  done  at  representative  wavelengths  within  this  range. 


The  first  model  choseh  consists  of  spherical  Cr  particles  embedded 
in  a medium  df  air  (e  * 1).  Eguations  (2.16)  and  (A-I)  were  Chen  used 
td  calculate  the  dielectric  constant  as  a function  of  volume  fnaction  of  Cr. 
These  are  plotted  in  Figures  2.3  - 2.6  for  wavelengths  of  0.5.  1.0  and 
2.0  urn,  respectively-  The  figures  show  that  the  effect  of  the  volume 
fraction  of  Cr  is  different  for  the  two  theoretical  approaches  IBEM  and 
M£).  The  dielectric  constant  from  the  0£W  approach,  sg,  shows  a much 


Figure  2.2  iteel . n,  end  Invagindry,  k,  perts  of  the  compTeic 
index  of  refraction  for  Cr  (from  ref.  32). 


2S 


Figure  2.3 


Effect  of  the  volume  fraction  of  spherioai  Cr  inclusions 
in  a meaium  of  air  on  the  dielectric  constant  at  a wave- 
length of  O.E  um.  eg  is  the  Bruggeman  dielectric  constant 
and  is  the  Haxwell-Gamett  dielectric  constant. 
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Iin{e) 


Figure  2.4  Effect  of  the  volune  fraction  of  spherical  Cr  Inclusions 
In  a mePiun  of  air  on  the  dielectric  constant  at  a wave- 
length of  1 um. 
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more  rapid  increase  in  the  imaginary  component  that  is  responsible  for 
absorption.  Absorptances  computed  using  the  BEM  approach  are  always 
higher  than  those  predicted  by  the  HG  theory.  This  is  true  for  inter- 
mediate volume  fractions.  As  expected,  however,  as  - 0,  and 
and  as  - 1 , and  tj  - 

It  should  be  noted  that  a similar  variation  of  the  dielectric 
constant  will  be  observed  for  Cr  particles  ina  medium  that  may  not  be 
air  but  is  not  insulating.  For  example,  Cr  particle  distribution  in 
an  insulating,  non-absorbing  medium  of  CrjOj  (c  = 6.25)  will  result  in 
dielectric  constant-volume  fraction  plots  similar  to  those  plotted  in 
Figures  2.3  - 2.S;  only  the  values  will  be  different. 

The  large  difference  between  Cjn-  and  Cj  at  0.2  S f^-j.  S 0.9  is  due  to 
the  percolation  phenomena.*^  This  refers  to  the  sudden  onset  of  electrical 
conduction  at  a critical  volume  fraction  of  conducting  material  in  an 
insulating  matrix.  In  the  dielectric  medium  case,  this  Is  equivalent  to 
1^  - ”,  where  c.  refers  to  the  dielectric  constant  of  the  inclusion. 

The  BEH  theory  predicts  that  the  threshold  occurs  at  - 33b  conducting 
material,  while  the  MG  theory  predicts  a finite  conductivity  for  any 
non-tero  value  of  volume  fraction  conducting  material Experimental 
evidence  suggests  that  the  threshold  occurs  with  d 155  conducting  material.®* 
Since  the  appearance  of  conductivity  at  the  percoluation  threshold  requires 
near-contact  of  metallic  particles,  the  presence  of  non-spherical  inclusions 
will  favor  conduction  at  lower  volume  fractions  than  that  predicted  by  the 
BEH  theory. 

Microstructural  studies^^ reveal  that  the  black 
chrome  coatings  consist  of  aoproximately  spherical  agglomerates  with 


22 


diameters  ranging  from  500  - 2000  A.  These  agglomerates  have  been  reported 
to  contain  metallic  Or  crystallites  of  100  - 1000  A in  size.  The  distribu- 
tion of  spherical  agglomerates  (and  Or  crystallites]  in  Che  matrix  is 
clearly  not  topologically  equivalent  as  nequired  in  the  fundamental  OEM 
theory  approach,  which  assumes  that  the  constituents  of  the  composite  are 
Copngraphica11y  syirmetrical . 

A comparison  of  Che  volume  fraction  dependence  of  several 
models^^*^^  ,73,74,87  ^ composite  medium  with  a periodic  array  of 

inclusions  shows  that  their  dielectric  constant  is  similar  to  that 
obtained  with  the  MG  theory.  It  is  to  be  noted  that  this  comparison  is 
valid  only  for  the  composite  in  which  the  inclusions  are  Isolated  from 
each  other.  Therefore,  the  MS  theory  can  be  utilited  for  calculating 
the  dielectric  constant  of  black  chrome  films  provided  the  inclusions  effect 
Oh  the  dielectric  constant  is  independent  for  each  included  particle. 

The  data  in  Figures  2.3  - 2-5  were  plotted  for  a distribution  of 
spherical  Cr»rtic1es.  For  non-spherical  particles,  absorption  will  be 
affected  by  the  distribution  of  the  eccentric  particles.  Van  de  Hulst^^ 
showed  that  the  presence  of  highly  eccentric  inclusions  with  the  long  axis 
in  the  plane  of  the  film  will  increase  absorption  at  a given  wavelength 
since  such  panticles  are  more  easily  polarized  than  spherical  particles. 
Application  to  the  data  plotted  in  Figures  2.3  - 2.5  means  that  shifts 
to  lower  real  c and  higher  imaginary  e as  the  ratio  of  the  long  axis  to  the 
short  axis  increases. 


The  second  model  for  which  the  dielectric  constant  is  calculated  is 
schematically  shown  in  Figure  2.6.  The  metallic  Cr  particles  of  model  A 
are  replaced  Dy  coated  spheres  in  model  B.  Each  coated  sphere  consists 
of  a core  of  metallic  Cr  surrounded  by  dense  Cr^Oj.  The  dielectric  con- 
stant of  the  coated  sphere,  S(.j,  Is  computed  and  utiUted  In  equations 
(2.16),  (2.17)  and  (A-3).  Eg,  calculated  with  equation  (A-3)  is  plotted 
for  comparison  only;  it  is  not  used  for  further  computation.  The  coated 


sphere's  dielectric  d 
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where  !!  is  the  ratio  of  the  core  volume  to  the  total  coaled  sphere  volume. 

The  dielectric  constant  for  model  9.  calculated  for  a composite  with 
the  insulating  medium  having  c - 1,  is  plotted  in  Figures  2.7  and  2.9. 

The  data  in  Figure  2.7  show  the  variation  of  e with  n at  1 um  for  a volume 
fraction  of  coated  sphere  of  0.5,  while  data  in  Figure  2.9  show  the  volume 
fraction  dependence  of  c at  13  = O.a  and  1 um.  The  data  show  that  t is 
sensitive  to  both  R and  volume  fraction  of  coated  spheres. 

The  data  were  calculated  assuming  that  the  insulating  medium  hao  a 
dielectric  constant  of  unity.  In  black  chrome  films,  however,  the  matni 
is  expected  to  be  a composite  of  initially  deposited  CrgOg  and  voids. 

The  structure  Of  black  chrome  film  agglomerates  is,  therefore,  more 
likely  to  be  similar  to  the  schematic  illustration  of  Figure  2.9.  The 
coated  spheres  of  Cr  metal  surrounded  by  a passivating  layer  of  CrjOj 
are  distributed  in  a matrix  of  voids  and  as-deposited  (amorphous)  Cr^Oj. 


Insulat'fng 
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Effect  of  f 
HaveleogV 


Namell-Oamett  dielectric  constant  at  a 
for  a voIun*e  fraction  of  coated  sphere 
of  sir. 


Figure  2-8  Effect  of  volume  fraction  of  coateO  soliere  Hitti  (1  * 0.4 
in  a medium  of  air  at  a wavelength  of  1 urn. 
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Since  this  matrix  differs  from  an  air  matrix,  the  computed  fill  be 
different.  For  example,  for  a composite  system  with  n • 0.*  and 
^cs  " * matrix  of  CfjOjatlum  wavelength  would  be 

[10.2  + j S.S)  instead  of  (6.4  + j 2.16),  as  computed  for  air  mediien 
[Figure  2.8).  The  two  values  of  listed  above  represent  extreme  cases, 
Plotting  the  computed  values  of  for  a Cr^O^  matrix  shows  that  the 
curve  for  plotted  in  Figure2.8,  shifts  slightly  to  the  right  for 
intermediate  volume  fractions  of  coated  spheres. 

The  tTmdel  structure  shown  in  Figure  2.9  draws  support  from  experi- 
mental evidence  presented  in  the  following  chapter  and  from  puPHshed 
results. The  oxidation  behavior  of  black  chrome 
films  suggests  that  the  as-deposited  oxide  is  porous  and  non-passivating 
(or  only  weakly  so).  The  oxide  that  Forms  on  thermal  exposure  forms  a 
passivating  coating  around  the  metallic  Cr  particles.  The  thickness  of 
the  passivating  oxide  layer  is  a function  of  the  temperature.  It  is 
possible  to  estimate  the  thickness  of  this  layer  from  data  on  pure  Cr 
oxidation,  as  will  be  explained  in  later  chapters. 

The  two  models  discussed  above  are  by  no  means  the  only  two  possible. 
Chromium  metal  distribution  in  the  matrix  can  be  modeled  in  a number  of 
different  ways.^' However,  most  of  them  are  unsatisfactory  for 
explaining  black  chrome  behavior  since  the  models  are  either  too  simplistic 
(e.g.,  distribution  of  uniform  sized  cubes  of  Cr)  or  topologically  guite 
different  from  experimental  evidence. 
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Figure  2.9  Scliematic  illustration  of  possible  structure  of  black 
chrome  filro  aggregates. 


Reflectance  Calculations 


The  calcuatlon  of  reflectance  from  the  dielectric  constant  requires 
knowledge  about  the  variation  of  the  constituents  as  a function  of  depth 
into  the  film,  for  black  chrome  films,  this  requires  knowledge  about  the 
distribution  of  Cr^Oj.  Cr  and  voids.  It  also  requires  knowledge  of  the 
total  void  volume.  The  volune  and  distribution  of  voids  In  black  chrome 
films  areextremely  difficult  to  determne.  Therefore,  voids  are  assumed 
to  be  uniformly  distributed.  The  site  of  these  voids  is  also  imoortant. 
Since  void  volume  in  black  chrome  films  has  been  estimaCed  to  be  large, 
the  voids  are  assumed  to  be  large  enough  to  act  as  part  of  Che  continuous 


Reflectance  calculations  are  made  using  Rouard’s  method 
This  Involves  dividing  the  film  into  a number  of  parallel  sejnents 
(starting  from  tne  substrate]  and  assuming  that  each  segment  has  a con- 
stant and  uniform  refractive  Index,  The  reflectance  of  the  film  is 
computed  In  a sequential  manner,  starting  from  the  substrate.  The  complex 
reflectance  lor  Fresnel  coefficient)  is  given 


at  the  interface  b 
coefficient  for  th 

which  reflectance 


F^^,exp(-2j6j,) 

1o  of  the  reflected  t 
tween  the  (k-1)  and  k 
(ktl)  layer,  » 2-i 
s Its  refractive  inde 
s being  determined.  T 


(2.2«) 

Incident  electric  field  strength 
h layers,  Is  the  Fresnel 
• fi./l  , 0.  Is  the  thickness  of 
and  \ is  the  wavelength  for 
e stack  (or  total  film}  reflectance 


(Z-25) 


where  F*  is  the  complex  cotijugate  of  F, 

Swett  aniJ  Pettit^^  have  usefl  the  variation  of  the  volume  fraction 
ratio  of  Cr  to  (Cr  * CrjOj)  as  a function  of  depth  shown  in  Figure  2.10. 
These  calculated  r.'s  are  based  on  the  assumption  that  the  ratio  of  Cr  to 
(Cr  * Cr202)  (i.e.,  !i)  in  the  as-deposited  films  increases  in  a manner 
given  by 

n(x)  • (2.261 

where  and  x^  are  parameters.  The  average  film  ratio,  fi,  is  related 

to  Oy 

n-n„„[i-(^)(i-e-‘-/*o)]  (2.27) 

where  L is  the  film  thictness-  For  thermally  exposed  films,  they  assumed 
that  0 increases  linearly  with  increasing  depth  into  the  film.  The  rela- 
tions were  arrived  at  by  Sweet  and  Pettit^^  from  Auger  sputter  profile 
data  (see  Chapter  V)  after  making  a number  of  assumptions.®®'^®  However, 
the  two  most  Important  assumptions  are  that  there  is  no  preferential 
sputtering  of  either  Cr  or  CrjOj  and  sputtering  of  the  films  is  not 
Interfered  with  by  the  distribution.  Evidence  (see  Chapters  V and  VI) 
suggests  that  Cr^O^  sputters  almost  twice  as  fast  as  metallic  Cr.  There- 
fore, Che  relations  used  by  Sweet  and  Pettit^^  are  not  quantitative. 
However,  the  reflectance  curves  so  computed  suggest  qualitatively  land 
semi-quantitatively)  the  correlations  with  volume  fraction  of  Cr^D^  Ih 
film. 


<2 

Reflectance  curves  calculated  by  Sneet  and  Pettit  are  reproduced  in 
Figure  2.11.  The  curves  show  that  with  increasing  Q (from  0.2  to  0.5), 
the  absorption  edge  shifts  to  longer  wavelength.  Furthermore,  the  broad 
interference  peak  at  - 1.0  un  decreases  with  increasing  Q,  This  agrees 
with  reflectance  curves  measured  experimentally  on  black  chrome  films 
(see  Chapter  IV),  Calculation  of  o.  values  from  the  computed  reflectance 
curves,  such  as  those  shown  In  Figure  2.11  predict  that  Xj  should  remain 
relatively  constant  until  the  volume  fraction  of  Cr.Oj  Is  2 705.  This  is 
plotted  in  Figure  2.12.  This  agrees  reasonably  well  with  experimentally 
observed  data  (see  following  chapters).  At  low  volume  fractions  of  Or^O^ 

(5  0.5),  the  model  predicts  relatively  small  changes  In  ct..  But,  experi- 
mental  evidence  (see  following  chapters)  shows  that  for  Cr,0^  content  ^ 405, 
a-  decreases  rapidly.  Sweet  and  Pettit  ascribe  this  to  the  insensitivity 
of  the  reflectance  curve  to  Che  form  of  0(x)  used  in  computing  them.  They 
observed  little  difference  in  reflectance  when  calculated  for  low  oxide 
content  films  with  linear  and  exponential  forms  of  (l[x);  i.e.,  their 
relationships  are  not  valid  at  low  CrjOj  fractions.  There  may  be  another 
reason  for  the  discrepancy.  Some  of  the  films  with  low  oxide  content  (see 
later  chapters)  were  observed  to  be  much  more  dense.  Therefore,  computations 
of  reflectance  from  at  low  Cr203  fractions  may  need  modification  to 
include  changes  in  void  volume. 

Some  of  the  experimentally  observed  reflectance  curves  (see  Chapter 
IV)  did  not  show  the  broad  interference  peak  at-l.D  pm.  Instead,  with 
increasing  thermal  exposure,  the  reflectance  increased  almost  uniformly 
at  wavelengths  Oelow  the  absorption  edge.  Reflectance  curves  showing  this 
behavior  were  computed  by  Sweet  and  Pettit^^  using  the  same  procedure 
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Reflectance 


Wavelength  (um) 


Figure  2.11  Spectral  reflectance  of  a black  chrome  coating  with 
NoCel  6 structure  (ref.  32). 


Figure  2.12 


Comparison  of  Che  solar  absorpcance  variation  as  a function 
of  Crg03  content  in  the  film  between  experimental iy  observed 
(solid  line]  and  computed  (dotted  line.  ref.  32)  values. 


(axplained  above),  but  wUh  a different  film  model.  This  model. 


tlcally  illustrated  in  Figure  2.13,  siiovis  that  the  void  plus  amorphous 
oxide  matrix  has  both  Cr  metal  Inclusions  and  Cr202  inclusions.  Such  a 
model  requires  that  the  as-depcsited  oxide  must  completely  passivate  the 
Cr  metal  particles  that  remain  virtually  unchanged  on  thermal  exposure. 

At  the  same  tloie,  the  as-deposited  oxide  must  not  passivate  Cr  particles 
that  are  oxidized  on  thermal  exposure.  Such  behavior  Is  not  very  liJcely. 

The  formation  of  Cr^O^  on  thermal  exposure  may  be  explained  on  the  basis 
of  experimental  evidence  presented  in  later  chapters.  The  Cr202  crystal- 
lites may  have  been  formed  by  the  complete  oxidation  of  Cr  particles  that 
were  too  fine  In  size  to  form  a passive  Cr20^  coating  without  getting  com- 
pletely oxidized.  Experimental  evidence  suggests  that  films  that  showed 
uniformly  increasing  reflectance  below  the  absorption  edge  may  have  con- 
tained some  small  (-  lOQ  i)  Cr  particles  1n  Che  as-deposited  condition. 

These  would  have  been  completely  oxidized  on  thermal  exposure  whereas  the 
larger  Cr  particles  would  form  a passive  Cr^O^  coating  with  thermal  exposure. 
The  model  of  Sweet  and  Pettit  {Figure  2.13)  does  not  agree  well  with  experi- 
mental evidence.  A more  realistic  model  would  be  one  wherein  Che  as- 
deposited  film  contained  Cr  particles  of  fine  sized  {-  lOD  A)  and  relatively 
large  sized  (S  500  S).  On  thermal  exposure,  the  fine  sized  particles  must 
be  completely  oxidized  whereas  Che  large  sized  particles  would  form  a 
passive  CrjOj  layer  around  them.  It  should  be  noted  that  such  a model 
complicates  the  computational  process  by  necessitating  the  incorporation 
of  another  variable;  uneven  sizes  of  the  constituents  (Cr  and  CrjOj)  in 
the  matrix.  This  makes  the  application  of  the  HO  [or  BEM)  theory  more 


unsatisfactory. 


Cr^Oj  CrysUllite 


Figure  2.13  Schenstic  of  TOflel  structure  used  to  conoute  reflectance 
curves  that  show  unifonn  increase  in  reflectance  with 
thennal  eioosure  [ref.  32). 
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LWcertalnties  in  Hodel  Calculations 
Differential  Sputtering  Effects 

T>ie  aerivatlon  of  reflectance,  OaseO  on  the  assumptions  made  by 
Sweet  and  Pettit, is  not  very  satisfactory  in  that  the  effect  of  dif- 
ferential sputtering  rates  of  Cr  versus  has  been  Ignored-  However, 

CfjOj  has  been  observed  to  sputter  at  approximately  twice  the  rate  of 
metallic  Cr.  Comparison  of  the  variation  of  il  as  calculated  by  Sweet 
and  Pettit^^  (Figure  2.10)  with  experimentally  observed  data  (Chaoters 
V and  VII)  shows  that  there  are  marked  differences.  These  differences 
are  due  to  the  differential  sputtering  effect  and  the  variation  of  S5  in 
a manner  dissimilar  to  that  modeled  by  Sweet  and  Pettit.  Analysis  of 
Auger  sputter  depth  profiles  {Chapter  V)  suggests  that  SI  for  thermally 
exposed  films  can  be  better  modeled  as  follows:  the  thickness  of  Che 

almost  pure  Cr^D^  outer  layer  increases  with  increasing  oxide  content  and, 
secondly,  the  remainder  of  the  film  where  ChjOj  decreases  with  depth  may 
be  approximated  with  an  exponential  expression  similar  to  that  of  Sweet 
and  Pettit^^  (for  the  as-deposited  film).  The  values  of  the  different 
parameters  in  the  two  eguations,  however,  are  not  constant  but  vary  with 
thermal  exposure.  Thus,  calculation  of  !1  from  experimentally  obtained 
Auger  sputter  data  is  likely  to  give  more  accurate  results  than  the  con- 
tinuous fitted  functions  used  by  Sweet  and  Pettit- 

Effect  of  Surface  Pouohness 

The  calculated  values  of  roughness  from  the  dielectric  constant  also 
suffer  because  roughness  effects  were  ignored,  Pettit  and  Sowell®'  reported 
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a S-6I  Increase  fn  the  solar  aosorptance  of  black  chrome  coatings 
deposited  on  rough  substrates  (1 -■  2 un  scale  irregularities)  over  those 
deposited  on  smooth  substrates.  The  thermal  enittance,  however,  showed 
little  change.  The  surface  roughness  of  the  nickel-plated  plain  carbon 
steel  substrates  used  in  this  study  was  comparable  to  the  film  thickness 
(Chapter  IV).  Auger  sputter  data  [Chapter  V)  also  show  a broad  substrate- 
film  interface,  due  primarily  to  the  substrate  roughness.  Although  model 
calculations  have  ignored  surface  roughness  effects,  comparison  is  not 
affected  since  the  error  introduced  is  the  same  for  all  the  films.  This 
is  because  the  substrate  roughness  shows  little  chahge  with  thermal 
exposure. 

Effect  of  Voids  and  Agglomerate  Siie 

In  all  the  calculations,  the  effect  of  agglomerate  size  and  void 
distribution  on  the  reflectance  has  Oeen  ignored.  By  ignoring  these 
effects,  optical  trapping  due  to  the  difference  in  refractive  index 
between  air  and  Cr^O^  has  not  been  considered.  Optical  trapping  refers 
to  the  absorption  of  incident  radiation  by  a material  due  to  the  direction 
of  scattering;  the  direction  of  scattering  depends  on  the  shape  (and  size) 
of  the  different  constituents  and  their  relative  refractive  indices.  Such 
effects  can  be  ignored  only  when  comparing  films  that  have  the  same  void 
volume,  void  distribution  and  agglomerate  size.  Void  content  of  as-deposited 
films  containing  - AOS  0020^  has  been  estimated  to  be  t However, 

films  with  low  oxide  contents  were  observed  to  be  much  more  dense  (see 
later  chapters).  For  films  that  have  particles  (Cr  metal)  distributed  1n 
a medium  of  air  (model  A],  changes  in  the  void  volume  result  in  changes  in 


ttie  volume  fraction  of  the  medium;  the  dielectric  constants,  resulting 
from  such  changes  in  a film,  are  shown  in  Figures  2,3-  2.5.  For  black 
chrome  films  where  the  medium  is  a coinposita  of  ChjOj  and  voids,  changing 
the  void  volume  changes  the  effective  dielectric  constant  of  the  medium. 

For  example,  at  l.D  urn  wavelength  and  5M  Cr,  (equation  (2.16))  is 
{10.93  ♦ j 11,335)  for  no  voids  and  (3.88  tjO-FlS)  for  1001  voids,  i.e., 
air  medium.  Similarly,  changing  the  void  distribution  affects  the  dielec- 
tric constant  of  the  film,  hon-uniform  void  distribution  also  increases 
the  complexity  of  reflectance  calculations,  since  the  refractive  index  of 
each  segment  of  the  film  must  be  suitably  altered  to  reflect  that  change. 
Secause  of  the  difficulty  in  determining  the  void  volume  or  its  distribu- 
tion, all  the  calculations  assumed  constant  void  volume  and  uniform  distri- 
bution. These  assumptions  introduced  a systematic  but  constant  error  and 
therefore  are  reasonable  for  black  chrome  films  that  were  deposited  under 
similar  conditions. 

Changes  in  agglomerate  size  can  also  affect  the  dielectric  constant. 

As  for  the  voids,  such  changes  are  not  easy  to  describe  exactly  by  theo- 
retical calculations.  This  is  because  optical  trapping  effects  depend  on 
the  distribution  of  the  components  in  the  medium  and  their  relative  concen- 
trations. For  relatively  large  void  volumes  (and  their  uniform  distribution), 
variation  in  agglomerate  size  from  500  - 2000  A from  film  to  film  (but 
uniform  within  each  film)  is  unlikely  to  cause  large  changes  in  reflectance. 
Black  chrome  films  which  have  the  same  volume  fraction  of  solids  (Cr  t 
CrjOj)  can  have  different  agglomerate  sizes  only  by  varying  the  volume  of 
voids  within  the  agglomerate.  For  example,  films  with  larger  agglomerates 
win  have  higher  void  volume  inside  the  agglomerate  (and  less  between 


agglomerates)  than  films  »1th  smaller  agglomerates.  Camputation  of  changes 
in  reflectance  based  on  changes  in  agglomerate  size  is  extremely  difficult 
since  assumptions  have  to  be  made  about  the  void  size  and  distribution 
within  the  agglomerate  and  also  the  effect  of  changing  void  volume  between 
agglomerates. 

Incorporation  of  the  effects  of  void  volume,  distribution  and  agglo- 
merate size  (and  size  distribution)  are  very  difficult.  The  non-incorporation 
of  such  effects  in  model  calculations  is,  therefore,  a limitation;  the 
severity  of  these  limitations  is  not  easy  to  estimate.  However,  comparison 
of  experimental  results  with  model  calculations  suggests  that  for  films  with 
2 301  reasonably  good  correlations  can  be  achieved. However,  films 

with  low  CrjO,  content  exhibit  distinctly  different  behavior  from  that  pre- 
dicted by  such  models. 

Uncertainty  in  the  Refractive  Index 

The  dielectric  constant  is  calculated  from  reported  values  of  the 
refractive  index  fcr  Cr  and  CrjOj-^^’®^  There  is  some  disagreement 

in  the  reported  values  for  both  Cr  and  Cr^Oj.  The  dielectric  constant  of 
CfjOj  is  closely  related  to  the  type  of  Cr^Oj  (thin  film,  anorohous,  crystal 
orientation,  etc. ) -*' The  real  part  of  the  dielectric  constant  has 
been  reported  to  range  from  5.7  - 6.3,  while  the  imaginary  part  has  been 
computed  to  be  5 5 x 10'^.  Therefore,  ignoring  the  imaginary  part  is  not 
unreasonable.  The  choice  of  the  real  part  of  the  dielectric  constant  of 
CrjOj  certainly  affects  the  dielectric  constant  of  the  composite.  For 
example,  calculation  of  for  model  A type  structure  with  Cr  Inclusions 
distributed  in  a medium  of  Cr^Oj  give  different  results  depending  on  the 


cliDics  9f  Cr202  dielectric  constent.  At  1.0  ut  and  for  50*  Cr,  is 
(I0.3Z5  ♦ j 10,735)  for  » 6.25.  This  in  turn  will  affect  any 

reflectance  values  calculated  from  the  dielectric  constant  which,  in  turn, 
affects  the  computed  solar  absorptance.  From  the  calculated  values  of 
^HS  ^Cr  0 Fnd  6.25,  it  can  be  predicted  that  higher 

solar  absorptance  would  be  obtained  with  = 5.8.  This  is  because 

of  the  higher  value  of  the  imaginary  coefficient  of  C|.,g.  Such  variations 
(in  are  expected  to  cause  variations  in  the  solar  absorptance  of 

< 5t. 

The  dielectric  constant  of  Cr  was  determined  from  reported  values  of 
the  refractive  index  as  a function  of  wavelength. There  is  dis- 
agreement between  the  reported  values.  Variations  of  7 - 15%  in  the 
refractive  index  values  reported  have  been  observed.^®  These  variations 
nave  been  attributed  to  surface  prepareticn.  presence  of  an  oxide  on  the 
surface,  film  thickness,  etc.  Thus,  calculation  of  the  dielectric  constants 
from  these  refractive  indices  will  result  in*values  that  vary  by  about  tne 
same  extent  (5  - 15X).  Calculation  in  the  solar  absorptance  is  thus  likely 
to  vary  by  about  the  sane  extent  (5  - 15S).  The  reduction  of  such  inaccur- 
acies can  only  be  achieved  by  using  more  accurate  refractive  indices  tnan 
presently  available. 


Effect  of  Structure  on  Thermal  Emittance 

The  thermal  emittance  of  black  chrome  absorbers  (Chapter  I)  is 
largely  determined  by  its  interaction  with  radiation  at  long  wavelengths 
U 2 on).  Since  these  films  are  typically  i 0.2  urn  thick,  their  inter- 
ference with  long  wavelength  radiation  is  Quite  small.  The  major  influence 


on  the  thermel  emittance  is  the  intersction  with  the  substrate,  The  high 
reflectance  of  metal  substrates  is  the  primary  reason  for  the  relatively 
low  thermal  emittance  of  these  absorbers.  Although  film  thicknesses  of 
the  order  of  10  un  have  been  reported  to  be  necessary  to  cause  a sharp 
increase  in  emittance. thinner  films  can  also  increase  emittance  [beyond 
that  of  Che  substrate],  Comparison  of  thermal  emittance  data  on  different 
black  chrome  films  (Chapter  IV)  shows  that  films  that  are  thicker  than 
' C,Z  pm,  do  increase  their  emittance.  This  Is  because  the  increased  black 
chrome  films  thickness  causes  a shift  in  the  absorption  edge  td  longer 
wavelengths  (Chapter  IV), A fraction  of  tne  thermal  emittance  is  from 
this  wavelength  range  (S  2 urn].  Thus,  emittance  increases  even  when  film 
thicknesses  are  ^ D.2  um;  the  extent  of  increase  is.  however,  not  as  great 
as  that  observed  for  thicker  films. 


Conclusions 

The  Wi  theory  can  be  extended  to  predict  the  behavior  of  black  chrome 
films  electrodeposlted  onto  metal  substrates-  Modeling  the  film  structure 
as  having  coated  spheres  distributed  In  an  Insulating  medium  of  air  (or 
similar  material)  improves  the  correlations  between  theoretical  predictions 
and  experimental  observations.  The  BEM  theory,  however,  appears  unsuited 
for  application  to  black  chrome  films  primarily  because  of  the  nature  of 
the  distribution  of  the  constituents  in  the  coatings. 

The  microstnictural  model  comprised  of  a sphere  of  Cr  coated  with 
dense  Cr^Oj  embedded  in  a matrix  of  voids  and  amorphous  CrjOj  gives 
dielectric  constant  values  Chat  predict  reflectance  (and  absorptance) 


values  similar  to  those  observed.  However,  due  to  the  many  assumptions 
involved  in  each  step  of  the  calculation,  the  results  must  be  viewed  as 
being  essentially  semi-guantitative.  Increased  quantification  requires 
significant  input  from  experimental  results,  e.g..  Auger  sputter  profile 
results.  Incorporation  of  the  effects  of  void  volume  and  distribution  and 
agglomerate  site  and  siae  distribution  are  very  difficult.  The  non-incor- 
poration of  such  effects  in  model  calculations  is.  therefore,  a limitation, 
furthermore,  the  severity  of  these  limitations  is  not  easily  estinated. 
Comparison  of  experimental  results  with  model  calculations  suggests, 
however,  that  for  films  with  2 30t  ChjOgi  reasonably  good  correlations  can 
be  achieved. 

The  thermal  emittance,  unlike  the  solar  absorptance,  is  only  slightly 
affected  by  the  black  chrome  film.  The  reflectance  properties  of  the 
substrate  are  of  more  significance.  However,  thicker  black  chrome  films 
show  increased  thermal  emittance  due  to  a shift  in  their  absorptance  edge 
to  longer  wavelengths. 
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CHAPTEB  III 
ELECTRODEPOSITIOIt 

lntroduct<cin 

ElectroOeposUed  buck  chrome  films  have  been  used  in  both  flat 
plate  and  mid-temperature  concentration  collectors.  Although  initial 
research  Indicated  that  the  coatings  wiuld  maintain  their  high  solar 
absorptance  and  1ou  thermal  emittance  during  eitended  use  at  temperatures 
d 250*C,  field  data  proved  otherwise.^’^®  The  thermal  stability  of  black 
chrome  coatings  has,  therefore,  been  the  subject  of  recent 
studies. Results  indicate  that  there  is  a signifi- 
cant correlation  between  the  electrodeposi Cion  bath  composition  and 
the  deposition  conditions  with  the  stability  of  the  coatings.  Although 
several  baths  have  been  utilized  for  the  electrodeposition  of  black 
chrome,'^’®®  the  one  most  commonly  used  is  the  Chromonyx  bath  developed 
by  the  Hanshaw  Chanica!  Company.^®  The  substrate  can  be  a variety  of 
metals,  but  is  typically  plain  carbon  steel  that  has  been  plated  with  a 
metal  with  high  white  reflectance,  typically  nickel  - 25  um  thick. 

The  goal  of  this  study  is  to  determine  the  effect  of  the  bath 
composition  and  the  deposition  conditions  on  the  composition  and  optical 
properties  of  the  black  chrome  deposits,  both  as-deposited  and  when 
subjected  to  thermal  treatment  at  temperatures  alave  2S0*C. 


Experinental  Procedure 


Blacic  chrome  films  were  electroQepasited  from  a modified  Chromonyx 
bath  onto  plain  carbon  steel  substrates  previously  electroplated  with 
nichel.  The  sequence  followed  during  deposition  is  described  in 
Aopendix  B.  This  procedure  has  been  adapted  from  that  suggested  by 
Pettit  end  Sowell. Briefly,  the  procedure  involved  etching  the 
substrate  to  get  a* smooth  surface  and  then  cleaning  it  with  both  acidic 
and  basic  reagents  prior  to  deposition.  Typical  surface  roughness  of 
the  substrate  after  etching  is  shown  in  Figure  3.1.  A OehtaX  profilO' 
meter  was  used  to  generate  the  surface  profile.  It  was  essential  to 
prevent  drying  of  Che  substrate  during  the  cleaning  sequence  to  avoid 
poor  adhesion.  Cleaning  and  plating  solutions  were  also  changed  fre- 
quently to  ensure  their  effectiveness  and  composition. 

The  blach  chrome  deposition  apparatus  is  shown  schematically  in 
Figure  3.B  while  the  details  of  the  substrate  holder  are  shown  in  Figure 
3.3.  The  bath  was  contained  in  a low  density  polyethylene  container,  as 
were  most  of  the  other  solutions.  The  anode  was  made  of  mild  steel  of  a 
size  sufficient  to  give  an  anode-to-cathode  Isample)  surface  area  ratio 
of  greater  than  B:l.  The  power  supply  used  was  a DC  source  having  a 
0 • 30  V, C-  3C  A range.  The  chemicals  used  were  as  follows: 

1)  Chromic  Acid,  anhydride  - purified  grade  (or  better),  Fisher 
Sci entific 

Z)  Acetic  Acid,  glacial  - reagent  grade,  Fisher  Scientific 

3)  Oxalic  Acid,  crystals  - analytical  reagent,  Hallinckrodt 

4)  Iron  Oxalate  - reagent  grade,  Reidel 

5)  Barium  Carbonate,  powder  - reagent  grade,  3.  T.  Baker. 


Figure  3.1 


Surface  rougtiness  profile  of  etctied  nickel -plated 
imld  ateel  suOstratc  taken  with  a Sloan  Dektak 
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Figure  B.2  Schematic  of  the  black  chrcane  electrodeposition  aooaratus 
[all  dimensions  in  mm]. 
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Flgu^  3.3  Sch€natic  of  cathode  holder  Mfth  substrate  In  place 
[all  dimensions  in  rm]. 


verier  chemical s used,  such  as  sulfuric  acid,  ferrous  aimionium  sulfate, 
etc,,  were  all  of  reagent  grade  obtained  from  Fisher  Scientific  Comoany. 

The  use  of  high  purity  grades  reduces  possible  effects  due  to  iirourities. 

Barium  carbonate  was  added  to  the  bath  to  concentrations  of  about 
8 g/1  to  ensure  that  any  sulfates  present  were  precipitated  out  as 
barium  sulfate.  Dissolved  sulfates  have  been  reported  to  reduce  the 
current  density  range  over  which  black  chrome  deposits  can  be  obtained. 

Silver  nitrate  was  also  added  to  the  bath  to  control  the  build  up 
of  chloride  ions  in  solution.  Pettit  and  Sowell^^  observed  low  solar 
absorptance  and  poor  thermal  stability  with  increased  chloride  ion  con- 
centration above  about  15  mg/1.  Small  amounts  of  silver  nitrate  were 
added  periodically  to  control  the  chloride  ion  concentration  below  10  mg/1, 

Skperlmental  Variables 

Although  a large  number  of  variables  are  involved  in  any  electro- 
deposition process,  the  most  important  variables  in  black  chrome  depositions 
have  been  reported  to  be  the  following:^®’®^"®^ 

2)  chromic  acid  cohcentration  (CrOj), 

3)  addition  agent  concentration, 

4)  Fe*^  concentration,  and 

5)  current  density. 

Pettit  and  Sowell^^  reported  tnet  the  ootimum  conditions  for  black 
chrome  deposition  were  as  follows: 


332  ± 


9/1 


Aimitlan  Agent 


Current  Density 
The  addition  agent  listed  al 
Chenical  Company.  Honever, 
tion  agent  is  believed  to  b) 
tor  the  addition  agent  in  all  ot  the  depositions 


27  vol-* 

8 : 0.5  g/1 
7.5  t 1 9/1 

188  nA/cn^  for  5 minutes 

is  a proprietary  agent  of  the  Mi 

most  important  constituent  of  tl 
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The  number  of  experiments  required  to  vary  all  the  parameters  over 
a broad  range  would  be  very  large.  Therefore,  to  reduce  the  ninber  of 
experiments  without  a significant  decrease  in  confidence  levels,  a 
statistical  design  of  experiments  using  random  number  approach  was 
utilized.®*  This  involves  listing  the  various  combinations  of  deposition 
parameters  and  then  choosing  specific  combinations  of  parameters  with  the 
aid  of  random  number  tables. 

The  bath  composition  was  analyzed  using  the  procedure  given  in 
Appendix  C.  Chromic  acid,  acetic  acid.  Fe*®  and  Cr*®  concentrations  were 
analyzed  in  this  fashion. 


Sequence  of  Expeniments 


The  sequence  for  eiectrodeposition  chosen  was  to  start  with  a low 
Cr"^®  and  low  Fe*®  concentration  bath  and  gradually  increase  their  levels 
according  to  the  experiments  chosen.  The  conditions  under  which  the  black 
chrome  samples  were  deposited  are  listed  in  Table  3.1 . it  should  be  noted 
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that  all  the  samples  were  not  made  from  the  same  bath.  The  37  series 
depositions  xere  made  uith  a fresh  Oath  while  the  39  series  were  made 
from  the  same  bath  as  that  used  for  the  19>31  series  depositions,  but 
onlj  after  dilution  and  appropriate  additions. 

The  addition  of  iron  oxalate  and  oxalic  acid  were  made  accordin9 
to  the  following  equations: 

FeCjOa  • 2HJ0  ♦ CrOj  ♦ HjO  - Fe[0H)3  4 CrfOHlj  4 ZCOj  (3.1) 

4 ZCrOj  . 2Cr(W)3  4 eCOj  (3.3) 

From  equation  (3.1)  it  is  evident  that  1 g of  iron  oxalate  dihydrate 
reacts  with  chromic  acid  to  give  D.31  g of  Fa*  and  0.39  g of  Cr*^. 

From  equation  (3.2) . 1 g of  oxalic  acid  is  seen  to  form  0.385  g of  Cr*^ . 
Sufficient  time  was  given  after  each  addition  for  completion  of  the 
reaction  (at  least  30  minutes,  or  until  the  end  of  gas  evolution)  before 
the  bath  was  used.  The  bath  was  sampled  before  or  after  each  deposition 
for  chemical  analysis.  These  samples  were  analyzed  later,  using  the 
procedure  listed  in  Appendix  C. 


The  conditions  under  whion  the  different  black  chrome  samples  were 
deposited  are  listed  in  Table  3.1.  Chromic  acid  concentration  was  varied 
over  a range  of  171  - 414  g/1 , acetic  acid  was  varied  from  14  - 28  vol 
Fe*^  from  0.2  - 7.6  g/1  and  Cr*^  from  2-10  g/1. 


Although  periodic  edditions  of  silver  nitrate  were  made  Co 
control  the  chloride  ion  concentration  in  the  Oath,  several  of  the 
black  chrome  films  showed  significant  amounts  of  chlorine  in  them. 

This  evidence  is  discussed  In  detail  In  Chapter  V.  which  deals  with 
the  analysis  of  the  black  chrome  films. 

With  the  exception  of  black  chrome  films  21A,  21B.  21C,  E2A  and 
22B,  all  the  coatings  were  dark,  ranging  in  color  from  dark  blue  to 
matte  black.  Coatings  21A  through  225,  however,  had  a grayish-white 
appearance.  The  thickness  of  these  films,  as  measured  from  Auger 
sputter  data,  was  much  less  than  that  of  the  other  films.  These  films 
also  had  very  little  oxide  content.  The  details  are  discussed  in 
Chapter  V.  The  gas  evolution  during  the  deposition  of  these  particular 
films  was  observed  to  be  much  less  vigorous. 

Black  chrome  films  290,  29E  and  29J,  which  were  all  deposited  at 
temperatures  of  27^  or  28^C,  had  very  rough  appearances.  The  edges  of 
the  deposit  were  streaked.  However,  coatings  29C  and  29F,  which  were 
deposited  under  similar  Path  conditions  except  that  the  Bath  temperature 
was  < 25°C,  did  not  show 


the  streaked  or  rough  appearance. 


CHAPTER  IV 
OPTICAL  PROPERTIES 


Introdiictiofi 

The  two  important  optical  properties  are  Che  solar  abscrptance  (3  ) 
and  the  themal  enittance  (e).  For  a high  efficiency  converter,  it  is 
essential  that  <Sj  be  large,  while  e be  small-  These  optical  properties 
have  already  been  defined  in  Chapter  I. 

Heasureoient  of  Solar  Absorptance 

Solar  absorptance  values  were  obtained  by  first  measuring  the 
reflectance  of  the  black  chrome  coatings  as  a function  of  wavelength. 

The  absolute  reflectance  was  calculated  by  the  use  of  a reference  white 
sample  (see  below).  The  reflectance  thus  obtained  was  then  convereted 
to  solar  absorptance  by  integrating  the  wavelength-sensitive  absorptance 
over  the  entire  AH  spectrum  to  obtain  a single  value  for  a , However, 
since  a single  number  does  not  clearly  show  the  wavelength-sensitive 
nature  of  the  films,  most  of  the  data  will  be  discussed  on  the  basis  of 
the  reflectance  curves. 

The  white  reference  sample  used  was  Eastman  6080,  dbtaincd  from 
Labsphere.®*  The  true  reflectance  values  of  this  coating  are  listed  In 
Table  4,1.  This  procedure  of  calculating  the  solar  absorptance  from 
measurements  of  the  reflectance  is  the  principie  of  all  the  coirmercially 
available  instruments.*^'®®’®^  Although  the  reflectance  data  reported 
here  were  determined  with  an  instrument  assembled  locally,  the  principles 
used  are  Identical  to  those  used  by  the  coirnercial  instruments.*^'®^ 
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Table  4.1  True  {Absolute)  Reflectance  of  Eastman  6080  White 
Reference  Coating 


260 

300 

400 

600 

600 

700 


Th«  fnslTMinent  used  is  shown  in  Figure  4.1  and  consists  of  a guartz 
halogen  light  source,  a grating  monochromator  {with  apomcriate  gratings) 
and  an  Integrating  sphere  and  detectors  CSi  or  PbS).  The  manufacturers 
are  listed  in  the  references. The  integrating  sphere  was  also 
coated  with  the  Eastman  60a0  materia!-,  other  details  are  shown  in  Figure 
4.2.  The  procedure  followed  for  the  measurement  of  reflectance  was  as 

1)  Place  the  black  chrome  sample  (J  1x1  cm)  in  the  sample  holder 
and  screw  the  holder  into  the  integrating  sphere  opening. 

2)  Use  Che  appropriate  detector  and  gracing  depending  on  the 
wavelength  range  over  which  measurements  are  to  be  made  [see 
Table  4.2). 

3)  If  using  the  51  detector,  connect  to  the  electrometer,  such 
as  the  Keithley  6028.  Connect  the  output  from  the  electro- 
meter to  a suitable  i-y  recorder.  Also  connect  the  output  from 
the  monochromator  wavelength  readout  to  the  x-axis  of  the 
recorder.  If  the  PbS  detector  is  being  used,  connect  the  output 
to  a high  impedance  ohnneter  and  measure  the  change  in  resistance 
as  a function  of  wavelength.  Both  the  circuits  are  shown  in 
Figure  4 ,3e  and  4,3b. 

4)  Allow  at  least  half  an  hour  warm-up  time  for  the  electronic 
components. 

5)  Make  zero  adjustments  on  the  electrometer  and  wavelength 
readout  and  select  suitable  x and  y ranges  on  the  recorder. 

6)  Switch  on  the  lamp  source  and  obtain  the  plot  of  detector 
signal  versus  wavelength.  The  input  voltage  of  the  lamp  source 

reference  sample. 


highest  signal  within  range 


^Integrating  So^ere 


Honochromstor  \ / 


Figure  4,1  Scnematic  of  the  inatruinent  used  for  measuring  spectra! 
ref! ectance. 


Figure  4.2  Details  of  the  integrating  sphere. 
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Figure  F.3a  Circuit  diagram  for  obtaining  reflectance  versus 
wavelength  plots  with  a Si  detector. 


Figure  4.3b  Circuit  diagram  for  obtaining  reflectance  versus  wavelength 
witti  PbS  detector. 


7)  The  reference  sample  is  Chen  subst1tiite<]  for  the  blach  chrone 
and  the  above  procedure  repeated,  except  that  the  lamp  source 
1s  not  switched  off  between  the  two  scans. 

8)  The  procedure  is  repeated  over  the  entire  wavelength  range 
of  0.3  - 2.5  um. 

frepuent  alignment  checks  were  made  to  ensure  that  there  was  no 
misalignment  error  introduced.  Reflectance  values  for  the  black  chrome 
films  were  then  converted  to  true  reflectance  with  the  aid  of  Table  4.1. 
from  the  recorded  data,  the  reflectance  values  were  obtained  at  50  nm 
intervals.  For  the  wavelength  range  of  1000  - 2500  nn,  the  RbS  detector 
output  was  measured  at  100  nm  intervals. 

Measurement  of  Thermal  Znlttance 

Thermal  emittance  was  measured  by  using  an  instrument  manufactured 
by  Devices  and  Services  Company.^®  The  detector  portion  of  the  AE 
emissometer  Is  heated  to  180*F,  while  the  sample  is  at  room  temperature. 
The  detector  is  a differential  thermopile,  with  aluminum  foil  and  black 
paint  as  the  sensing  surfaces.  This  ensures  a near  constant  linear 
response  to  wavelength  from  3-30  microns.  Two  reference  samples  are 
provided  with  the  emissometer.  one  with  high  and  the  other  with  low 
emissivity.  Petdt  and  Mahoney^^  determined  that  the  AE  emissometer  had 
an  adcuracy  of  t 0,03  emittance  units  for  black  chrome  at  the  detector 
temperature  of  180*F  (80”C).  This  compares  favorably  with  the  more 
expensive  coirmercial  units.  The  major  limitation  of  the  AE  emissometer 
is  that  the  sample  must  be  at  least  6x6  cm  in  site.  This  restricted  our 
measurements  on  the  black  chrome  films  to  the  as-deposited  condition, 


since  the  ttiermally  tfeated  samples  were  smaller  In  sUe.  Experimental 
Hnitations  prevented  deposition  of  samples  greater  than  about  3x8  cm  in 
size,  nierma!  aging  tests  required  tnat  the  as-deposited  samples  be  out. 
resulting  in  smaller  than  6x6  cm  thermally  aged  samples. 

The  procedure  followed  for  emittance  measuresnent  is  quite  straight- 
forward. After  the  emissometer  has  been  switched  on  for  more  than  30 
minutes,  the  thermopile  voltage  for  the  two  reference  samples  and  the 
black  chrome  are  measured.  To  ensure  good  conductivity,  a drop  of  water 
is  placed  between  the  sample  and  the  heat  sink.  The  emissivity  is  then 
calculated  from^^ 

enissivity,  e = (d.l) 


'^sample  * voltage  measured  off  unknown 

V ■ voltage  measured  off  standard  whose  emissivity 

equals  0.93. 

The  measurement  set  up  is  schematically  shown  in  Figure  4,4.  The 
principle  of  the  operation  of  the  emissometer  has  beer  explained  in 
detail  elsewhere.^® 


The  results  for  the  reflectance  curves  as  a function  of  wavelength 
are  blotted  in  Figures  4.5  to  4,19.  Figure  4.8  shows  data  for  the  Ni- 
plated  mild  steel  substrate.  Several  curves  in  each  of  the  figures  (4.6  - 
4.19)  are  all  for  the  same  black  chrome  film,  but  after  thermal  exposure  at 
the  specified  temperature  and  time.  A selected  few  solar  absorptance  values, 
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Wavelength  (ntn) 


Figure  4.6  Reflectance  of  black  chrome  film  19F  as  a function  of 
wavelength. 


Wavelength  (ntn) 


Figure  *-7  Reflectance  of  black  chrome  film  20C  as  a function 
of  wavelength. 
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Figure  4.8  Reflectance  of  Black  chrome  film  21A  as  a function 
of  wavelength. 
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Figure  1.9  Reflectance 
wave1  engtli . 


chrome  film  22A 
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Figure  4.10  ReflecUfice  of  black  ctirome  film  29Ba  as  a function 
of  wavelength , 
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Figure  4.11  Refl ectarice  of  black  chrome  film  29C  ae  a function 
of  wavelength. 
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Figure  4.!2  Reflectance  of  black  chrome  film  29E  as  a function 
of  wavelength. 
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Figure  4.13  Reflectance  of  black  cbrome  film  29F  ae  a function  of 
wavelength . 
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Figure  4,14  Reflectance  of  Slack  chrome  film  37A  as  a function  of 
uavelength. 
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Figure  4.15  Reflectance  of  black  chrome  film  37B  as  a function  of 
wavelength . 
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Figure  1-16  Beflectance  of  black  chrome  film  37D  as  a function 
of  wavelength. 
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Figure  4.17  Reflectance  of  OUcIt  chrome 
wavelength. 
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Figure  4.13  ReflectahCB  of  black  chrome  film  37F  as  a functioh  of 
wavelength. 


Figure  4.19  Reflectance  of  black  chrome  fUm  370  as  a function 
of  wavelength. 
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calculated  from  the  reflectance  curves,  are  listed  in  Tadle  4.3  using 
Cotn  the  AHO  and  AM2  solar  irradiance  spectra.  Emittance  values,  listed 
In  Table  4.4,  are  for  black  chrome  films  in  the  as-deposited  condition 
only  since  thermally  exposed  samples  are  too  small  for  measurgnent  with 
the  emissometar. 

Reflectance  Measurements 

The  reflectance  versus  wevelength  curves  plotted  in  Figure  4.5  - 4.19 
are  the  result  of  the  smooth  joining  of  the  data  points  obtained  with  the 
procedure  explained  earlier  and  after  consideration  of  the  error  range  at 
each  wavelength.  For  clarity,  the  error  bars  are  only  shown  on  Figure  4.S. 
They  are,  however,  applicable  to  all  the  reflectance  curves. 

The  error  bars  shown  on  Figure  4.5,  which  is  a plot  of  reflectance 
versus  wavelength  for  the  nickel  substrate,  were  calculated  from  consider- 
ation of  the  following  causes  for  uncertainty; 

a)  Dark  noise  of  the  detector  - for  the  silicon  detector,  dark 
noise  was  5 1%  of  the  reading,  while  for  the  FbS  detector  it 
was  < 105. 

b)  Uncertainty  in  the  measured  value  - typical  silicon  detector 
output  signal  as  a function  of  wavelength  is  shown  in  Figures 
4.30a  and  4.20b  for  the  wavelength  ranges  of  350  - 750  rm  and 
700  ' 1150  nm.  respectively,  for  both  a black  chrome  sample  and 
the  reference  white  sample.  The  relative  uhcertainty  in  the 
measured  value  of  intensity  is.  thus,  a function  of  wavelength. 

For  example,  from  Figure  4.20b,  uhcertainty  in  the  measured 
value  at  900  nm  is  a smaller  fraction  of  the  true 
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Table  4.4  Dnittarce  Values  oT  Black  Ctironie  Films  in  Me 
As-Deposited  Condition  (.leasured  at  80°C) 


Mvelength  I'm) 


Figure  4.20a 


Tyoical  intensity  versus  «a»elengt(i  plot  in  the  range 
of  350  - 750  nm.  (Black  chrome  film  is  37B  after  4 h 


Wavelength  (nm) 


Figure  a.ZOb 


Typical  intensity  versys  wavelength  plots  in  the  range 
of  700  ' 1150  nm.  (Black  ctinome  film  is  37B  after  a h 
at  460»C.) 


at  1100  rim.  This  in  turn  leads  to  a greater  error  range  at 
noo  ran  than  at  900  ran  (Figure  3.5).  In  the  oase  of  the  PbS 
detector,  the  uncertainty  results  from  the  smallest  reading  on 
the  oimeter.  This  value  is  already  incorgorated  into  the  d 10S 
dark  noise  value  mentioned  above.  However,  Pettit  and  Mahoney^^ 
observed  that  the  highest  accuracy  possible  with  PbS  detectors 
was  j 15S.  This  will  be  considered  as  the  best  error  range 
possible  with  the  PbS  detector  (1100  - 2S00  ran). 

c)  Change  in  reflectance  of  the  reference  sample  and  the  white 
coating  of  the  integrating  sphere.  The  values  listed  in 
Table  4.1  for  true  reflectance  versus  wavelength  of  the  white 
coeting  indicate  that  at  wavelengths  a 1900  ran,  the  true 
reflectance  drops  down  to  £ 80S.  This  reduces  the  intensity  of 
the  light  reaching  the  detector,  further  increasing  uncertainty 
in  measurement . 

d)  Change  in  intensity  of  the  light  source.  The  H-halogen  light 
source  does  not  have  constant  light  output  over  the  entire 
wavelength  range;  typical  relative  output  intensity  is  plotted 
in  Figure  4.21.  The  figure  shows  thet  below  600  nm  and  above 
1600  nm  the  relative  intensity  is  very  low.  This,  coupled  with 
the  other  causes  for  uncertainty,  increases  the  site  of  the 
error  bars,  particularly  at  higher  wavelengths. 

The  error  bars  shown  in  the  reflectance  curve  for  the  nickel 
substrate  (Figure  4.5)  are  the  result  of  the  factors  discussed  above. 

As  evident  from  the  plot,  they  become  uncomfortably  large  beyond  about 
1800  ran.  The  readings  beyond  this  wavelength  are,  therefore,  suspect. 
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• (unv) 


Flgui-e  4-21  Relative  rafllance  of  a W-tia1ogen  laTO  source  as  a function 
of  wave! ength. 


9S 

For  this  reason,  the  reflectance  curves  for  the  various  black  chrome 
films  sre  plotted  out  to  about  2000  nm  only,  although  it  is  expected 
that  these  curves  could  be  extended  to  2500  nm  with  reasonable  confidence. 

Solar  Absorptarice  (a.l 

The  value  of  solar  absorptance  calculated  from  the  reflectance 
curves  depends  npt  only  on  the  reflectance,  but  also  on  the  solar  energy 
spectrum  chose,  i.e.,  AH),  AHl , etc.  This  is  because  incorporates 
both  the  wavelength-dependent  absorptance  and  the  spectral  irradiance 
of  the  solar  energy  spectnim  chosen,  since  different  solar  energy  spectra 
have  different  spectral  irradiance  (Figure  1.1),  the  value  of  Oj  also 
depends  on  the  spectrum  chosen.  There  is  at  present  no  standard  solar 
irradiance  specified.  The  approach  suggested  by  ASTh'®  Is  to  use  the 
specific  solar  irradiant  spectrum  that  best  meets  one's  requirements, 
even  if  it  is  a local  non-standard  spectrum.  This,  of  course,  requires 
that  the  solar  energy  spectrum  used  should  be  reported  along  with  a 
values.  Unfortunately,  most  published  values  rarely  specify  the  solar 
energy  spectrum  used.  It  is  believed  that  most  used  AK1 .5;  this  spectrum 
has  itself  not  been  standardized.^^"*  This  suggests  that  comparison  of  o- 
values  is  not  necessarily  reliable  and  that  the  better  method  is  to  com- 
pare reflectance  curves.  Furthermore,  the  single  value  of  o,  does  not 
indicate  how  wavelength  specifically  affects  the  absorptance.  Hist  of 
the  discussion  here  will  therefore  Involve  the  reflectance  curves,  plotted 
in  Figures  4.5  - 4.19. 

A selected  few  of  the  reflectance  curves  are  converted  to  ^ values  to 
show  typical  values  and  changes  (Table  a. 3).  The  method  used,  explained 
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b«Iow,  Is  based  on  equation  (1.2),  given  in  Chapter  I.  Using 
Kirchoff's  relationship 


“s  ^ ^s  * S ' t‘-21 
where  is  the  solar  absorptance,  the  solar  transmittance  and  4^  the 
solar  reflectance.  Since,  for  opaque  bodies,  t = 0, 

Oj  ■ 1 - Ij  (4.3) 
The  solar  reflectance  is  obtained  from 


I E».“i 


(4.4) 


E,  ■ solar  irradiance  centered  at  over  a width  bX. 

4J.*,  - 41,  1 
^i  ° 2 

■ reflectance  at  l.| 

Equation  (4.4)  is  a practical  counterpart  of  equation  (1.2).  In  equation 
(4.4),  the  value  of  E^^  depends  on  the  solar  spectrum  chosen.  Table  4,3 
lists  selected  tx^  values  calculated  using  the  AMO  and  AM2  spectra, 
respectively.  The  values  of  E.  , for  the  AMO  spectrum  were  obtained 
from  the  ASTM  sUndards'*’^  while  Ej , values  for  the  AM2  spectnan  were 
obtained  from  Figure  1.1.  The  values  listed  in  Table  4.3  show  that  Hj 
values  calculated  with  the  AMO  spectrum  are  consistently  higher  than  those 
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w1tn  AWZ.  For  example,  ss-iJeoDsits<)  film  378  has  a,  of  0.941  when 
calcLlated  with  AMO  but  only  0.915  when  calculated  with  AHZ, 

Emlssivity  Measurements 

The  measured  values  of  emiss1v1ties  of  as-deposUed  samples  are 
listed  ih  Table  4.4,  The  values  range  from  a low  of  0.055  for  the  bare 
nickel  substrate  to  a high  of  0.173  for  coating  37Q.  As  reported  by 
Pettit  and  Mahoney,^®  the  accuracy  of  the  emlssivity  value  as  measured 
with  the  A£  enissometer  was  better  than  - 0.03  emlssivity  units. 

Pi scussion 

The  results  plotted  in  Figures  4.6  - 4.19  and  listed  in  Table  4.3 
show  that  the  reflectance  (and  hence  the  absorptance)  Is  sensitive  to  both 
the  deposition  conditions  and  thermal  exposure.  Most  samples  showed 
increased  reflectance  with  increasing  thermal  exposure  tine  at  a specific 
temperature.  However,  the  extent  of  increase  varied  from  sample  to  sample. 
Coatings  such  as  37p  showed  little  sensitivity  to  thermal  exposure,  whereas 
coatings  such  as  20C  showed  large  increases  in  reflectance  with  thermal 
exposure.  This  suggests  that  the  deposition  conditions  for  37Q  were  more 
conducive  to  thermal  stability.  The  correlations  between  deposition  con- 
ditions, thermal  exposure,  optical  properties  and  composition  will  be 
discussed  in  more  detail  in  Chapter  VII,  In  general,  the  reflectance 
values  increased  when  the  oxide  content  was  either  below  - 40  vol.l  or 
above  - 75  vol,*.  The  amount  of  oxide  in  the  film,  as  will  be  shown 
later,  was  related  to  the  deposition  conditions  as  well  as  to  the 
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temperature  of  thermal  exposure  (and  to  a lesser  extent,  tine).  The 
deposition  conditions  affected  the  canposition  (and  structure)  of  the 
as-deposited  film.  These,  in  turn,  affected  the  extent  of  oxidation 
that  occurred  with  thermal  exposure. 

The  thermal  emittance  of  the  black  chrome  film  is  greater  than  chat 
of  the  bare  nickel  substrate  (Table  d.a),  Honever,  e also  varies  as  a 
function  of  the  black  chrome  film  deposition  conditions.  Black  chrome 
films  21A  - 22B,  which  are  very  thin  and  contain  very  little  oxide 
(Chapter  V),  have  emittance  values  very  close  to  Chat  of  the  bare  nickel 
substrate.  In  general,  the  thermal  emittance  of  thicker  black  chrome 
films  (as  measured  from  Auger  sputter  data)  was  higher  than  that  of  the 
thinner  films.  The  changes  in  emittance  of  the  as-deposited  films  will 
be  discussed  in  more  detail  in  Chapter  VII. 


CHAPTER  V 

ANALYSIS  OF  BLACA  CHROME  FILMS 
Introduction 

Black  chrome  films  are  a composite  of  chromium  metal , chromium 
oxide(s}f  voids  and  possibly  other  compounds.  The  amounts  of  each  may 
also  not  necessarily  remain  constant  throughout  the  film.  Therefore, 
to  understand  the  behavior  of  these  solar  absorber  films  vis-a-vis  their 
optical  properties  and  thermal  stability,  it  1s  necessary  to  determine 
the  constituents  in  the  film  and  their  distribution. 

The  techniques  used  here  include  X-ray  photoelectron  spectroscopy 
(XPB),  Auger  electron  spectroscopy  (AES),  secondary  ion  mass  spectro- 
metry (SIMS]  and  scanning  electron  microscopy  (SEH) In  additipn, 
thermal  desorption  studies  were  also  used  to  determine  the  presence  of 
hydrated-  and  chlorine-containing  species. 

Experimental  Procedure 

XPS  results  were  obtained  using  a PHI  model  548  spectrometer  In  a 
pulse  counting  mode  using  a magnesium  anode  operated  at  400  watts.  The 
analyzer  was  a double  cylindrical  mirror  with  retarding  grids.  A pass 
energy  of  BS  eV  [corresponding  to  a resolution  of  0.3  eV)  was  used. 

Argon  ions  of  5 VeV  energy  were  used  for  sputtering.  To  avoid  effects 
due  to  charging,  the  energy  position  of  the  oxygen  Is  peak  was  used  as 
a reference  for  aligning  the  chromium  2p  photoelectron  peaks. 
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flES  uas  accompHsnea  a single  pass  non-scanning  Perkin  Elmer 
Corporation  thin  filn  analyzer  using  a primary  beam  energy  of  3 keV, 
bean  current  of  - 3Q  pA  with  peak-to-peak  modulation  voltage  of  S eV. 
Argon  Ions  of  2 keV  energy  mere  used  for  sputter  depth  profiling  using 
a PHI  ion  gun.  The  residual  pressure  was  S S » 10"®  Torr.  During 
sputtering,  the  system  was  backfilled  with  pure  argon  to  a pressure  of 
A . 10-®  Torr. 

Thermal  desorption  and  SIHS  studies  were  done  in  a vacuum  system 
where  the  residual  pressure  was  i 5 x 10'®  Torr.  A modified  l/TI  model 
300C  duadrupole  residual  gas  analyzer  was  used:  SIIC  was  done  using  a 
3H  model  30C  system. 

SEM  photomicrographs  were  obtained  with  a JEOL  JSM  35C  microscope 
operated  at  25  kV  accelerating  voltage,  sample  working  distance  of  15  cm 
without  sample  tilt.  Some  films  were  examined  in  the  as-deposited 
conditions,  others  after  sputtering  {i.e.,  after  Auger  sputter  depth 
profiling)  and  still  ethers  after  scraping  the  film  onto  glass  slides. 

Thermal  aging  tests  were  done  in  air  in  a tube  furnace  at  the 
specified  temperatures  and  for  the  specified  times.  Temoerature  control 
was  better  than  t 1Q°C. 


The  results  presented  below  Include  analysis  of  two  sets  of  black 
chrome  films.  The  first  involves  black  chrome  films  deposited  under  the 
conditions  listed  in  Table  3.1,  while  the  second  involves  films  deposited 
at  Sandia  National  Laboratories,  Albuouerque,  New  Nexico.  The  second 
group  of  samples  (from  Sandia)  were  electrodeposited  from  the  same  tyoe 
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of  bath  and  under  similar  conditions  as  those  showi  in  Table  3.1.  Long 
tern  thermal  aging  of  these  samples  was  done  at  Sandia,  while  short  tern 
thermal  exposures  (<  200  h)  were  done  in  tne  same  tube  furnace  used  for 
the  first  group  of  black  chrome  films  (Table  3.1), 

XPS  Results 

Data  showed  that  the  surface  was  always  contaminated  with  carbon 
and  sulfur,  while  Cl,  Ca,  K,  Na,  fe  and  Si  were  observed  occasionally. 

All  these  elements  were  essentially  restricted  to  the  surface.  XPS 
results  showed  that  the  outer  surface  of  the  films  was  CrjOj,  as  evident 
from  Figure  5.1.  The  positions  of  the  Cr  and  photoelectron 
peaks  were  detennined  from  both  a bulk  Cr^Oj  sample  and  a Cr  film  which 
had  been  oxidized  at  300”C.  The  same  peaks  for  metallic  Cr  were  deter- 
mined from  a sputter  cleaned  Cr  film.  The  photoelectron  peaks  from  the 
300°C  film  and  sputter  cleaned  Cr  are  shown  in  Figure  5.2.  It  should  be 

compared  to  the  sane  peak  in  Cr^Oj.  In  addition,  it  should  be  noted  fron 
Figure  3.1  that  the  0 1s  peak  from  the  unsputtered  surface  has  a high 
energy  shoulder,  indicative  of  the  presence  of  a hydroxide  on  tne  surface. 
However,  the  shoulder  (i.e.,  the  hydroxide]  was  quickly  renoved  by  sputter 
indicating  that  it  only  exists  as  a thin  surface  layer.  SIMS  data  did  not 
clearly  confirm  the  presence  of  hydroxide  in  these  films,  although  some 
authors  have  reported  the  presence  of  hydroxide  in  similar  films. 

Their  films  were  deposited  from  standard  Chromonyi  baths  but  at  current 
densities  much  higher  (-  269  mA/cm^)  and  for  shorter  times  (-  1.6  minutes) 
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To  Oeteimitie  tJie  amount  of  Cr^Oj  distributed  throughout  the  film, 
the  influence  of  sputtering  on  the  Cr^Qj  spectnim  must  be  determined. 

XPS  data  in  Figure  5.2  from  Cr^O^  suggest  that  the  5 heV  Ar*  ion  bombard- 
ment reduced  some  surface  Or^O^  to  the  elemental  state.  The  sputter 
reduction  of  Cr^Oj  can  be  accounted  for  by  taking  correction  factors  from 
the  standards  and  subtracting  oeak  intensities  (based  on  these  factors) 
from  the  observed  total  peak  intensity.  Ignatiev  et  al.^^  reported  that 
the  amount  of  chromium  reduced  from  Cr-0-  increased  with  time.  A time 
depehdence  for  sputter  reduction  Is  normally  observed  only  at  very  short 
timesi'®^  the  sputter  reduction  of  CcjO,  in  this  study  was  constant  after 
sputtering  the  standard  for  - 1 minute.  It  is,  therefore,  assumed 

to  be  constant  for  mixtures  of  Cr  and  Cr.O,. 

The  XPS  sputter  prpfiles  can  be  used  to  calculate  the  oxide  content 
in  the  film.  The  values  of  the  oxide  and  metallic  chromium  content  were 
determined  by  integrating  the  areas  under  the  sputter  profiles  for  Cr*^ 
and  Cr*^  and  by  normalizing  the  signal  intensities  to  those  obtained  from 
pure  Cr  and  Cr203.  It  was  assumed  that  the  densities  of  Cr  and  Cr^O^ 
in  the  black  chrome  films  were  equal  to  their  bulk  values.  The  volume 
fraction  of  oxide  determined  by  XPS  compares  favorably  with  that  calculated 
from  AES  sputter  profile  data  (±  lOX],  Since  AES  data  were  more  easily 
obtainable,  oxide  contents  were  generally  obtained  In  this  manner. 

AES  Results 

Auger  data  showed  that  the  surface  was  always  contaminated  with  C, 
while  C1  and  S were  frequently  observed.  These  contaminents  largely 
disappeared  after  sputtering  fnr  less  than  1 minute  (S  50  X),  indicating 
that  they  were  concentrated  on  the  surface.  A typical  AES  spectrum  from 


the  surface  of  a black  cfirone  film  is  sno«o  in  figure  S.3a.  In  aaoition 
to  Cr  ano  O.  C,  S and  C1  are  also  evident.  However,  two  ninutes  of 
sputtering  resulted  in  the  reeioval  of  S and  Cl  and  drastic  reduction  in 
the  carbon  AES  peak;  this  spectrum  is  shown  in  Figure  5.3b.  A few  of 
the  black  chrome  films,  el ectrodeposited  under  conditions  listed  in 
Chapter  in,  showed  the  presence  of  chlorine  throughout  the  film.  This 
is  demonstrated  by  data  in  Figure  5.4a,  which  is  an  Auger  sputter  profile 
through  sample  20C.  Thermal  exposure  for  45  h at  450°C  caused  all  the 
chlorine  to  be  removed,  as  is  evident  from  the  Auger  sputter  profile  after 
thermal  exposure  (Figure  5.4b).  This  feature  was  observed  for  all  the 
films  that  showed  Cl  in  the  as-deposited  film.  Even  a short  thermal 
exposure  (-  1 h at  460^C)  caused  almost  complete  removal  of  Cl  from  the 
film.  Thermal  desorption  studies,  presented  later  In  this  chapter,  were 
used  to  determine  the  temperature  dependence  of  Cl  removal . 

As  mentioned  earlier,  most  of  the  black  chrome  films  were  not  contami- 
nated by  Cl.  Figures  5-5a  and  5-5b  are  more  typical  for  tne  deposited  films. 
A sputter  profile  of  e film  in  the  as-deposited  condition  is  shown  in 
Figure  S.Sa,  whereas  Figure  5.5b  demonstrates  the  effect  of  4 h thermal 
exposure  at  460*C  upon  the  composition,  hole  the  increase  in  the  oxygen 
peak  height  (relative  to  chromium)  after  thermal  exposure;  this  is  indica- 
tive of  increased  oxide  content  in  the  film. 

Black  chrome  films  21A,  ElB.  21C.  2EA  and  22B  (Table  3-1)  were 
noticeably  different  from  the  other  films.  Not  only  was  their  appearance 
grayish-white  (instead  of  the  near-black  of  the  others],  but  the  films 
were  much  thinner  and  contained  much  less  okide.  This  Is  demonstrated 
in  Figures  5,6a  - 5.6e;  Figures  5.6a  - 5.6d  are  Auger  spectra  of  the 


Figure  5.3e  AES  spectre  of  the  surface  of  black  chrome  film  378. 


AES  soectra  of  black  ctirome  film  37B  after 
for  2 miniites. 


Figure  5.3b 
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Figure  5.4a  Auger  sputter  profile  of  sample  20C  in  the  as-deposited 
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Figure  5.4b  AES  sputter  profile 
of  45  h at  460°C- 


sample  20C  after  thermal  exposure 
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Sputtering  Tine  in  Minutes 


figure  5.5b  AES  sputter  profile  Of  sanple  37B  after 


460‘C. 
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chrome  film  21B. 
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Figure  5.6b  AES  spectra  of  black  chrome  film  2IB  after 
of  sputtering. 


minutes 
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Figure  5.6c  AES  spectra  of  black  chrome  film  21B  after 
of  sputtering, 
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Figure  5.6d  AES  spectra  of  black  chrome  film  21B  after  11  minutes 
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as-deposited  f1im  after  different  sputter  times,  «hile  Figure  5.6e  is  the 
Auger  spectra  of  the  surface  of  the  same  film  after  thermal  exposure  for 
26  h at  460“C.  The  data  show  that  the  as-deposited  film  was  much  thinner 
(S  200  J)  than  the  other,  more  typical,  Black  chrome  films  (>  2000  A). 
Furthermore,  the  amount  of  oxide  in  the  films  was  very  low.  as  is  evident 
from  the  small  0 AES  peak  (relative  to  Cr),  The  data  presented  in  Figure 
5.6e  showed  that  the  thermal  exposure  of  26  h at  esO'C  caused  all  the  Cr 
to  Be  removed,  most  probably  by  flaking.  The  AES  profile  of  the  surface 
shewed  only  nickel,  oxygen  and  a small  carbon  peak.  Visually,  there  was 
evidence  of  flaking  on  the  thermally  exposed  films.  This  behavior  was 
typical  of  all  the  black  chrome  films  (21A  - 226).  which  had  the  grayish- 
white  appearance. 

The  extent  of  oxidation  in  the  Black  chrome  films  can  be  measured 
from  the  sputter  profiles  plotted  in  Figures  4 and  5.  The  percentage. 

ohromium  as  Cr202  can  be  determined  by  integrating  the  areas 
under  the  sputter  profiles  and  using  the  formula 

'cr^Oj  ' • V' 

where  A^^  and  A^^.  are  the  areas  under  the  oxygen  and  chromium  sputter 
profiles,  R (=0.46)  is  the  ratio  of  chromium-to-oxygen  Auger  peak  heights 
in  a CtjOj  standard  and  W (=  0.37)  is  the  ratio  of  the  chromium  peak 
height  in  Cr^O^  standard  to  that  in  pure  chromium.  The  derivatipn  of 
equation  (6.1)  and  the  assumptions  used  are  presented  in  Appendix  D. 

The  volume  fractions  of  chromium  oxide  in  some  of  the  films  are 
listed  In  Table  5.1.  These  were  calculated  using  equation  (5.1).  The 
percentages  of  oxide  were  observed  to  vary  not  only  with  deposition 
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conditions,  but  also  with  thermal  e>posiiri.  The  data  show  that  all  the 
films,  irrespective  of  the  deposition  conditions,  etperlenced  a rapid 
Increase  In  oxide  content  after  only  a few  hours  of  thermal  exposure. 

To  demonstrate  the  effect  of  exposure  time,  the  oxide  content  Is  plotted 
against  exposure  time  at  460*C  in  Figures  5.7a  and  5.7b.  The  oxide 
content  Is  plotted  linearly  In  time  in  Figure  5.7a,  while  Figure  5.7b 
is  a logarithmic  time  plot.  The  latter  clearly  shows  the  logarithmic 
oxidation  behavior  of  black  chrome  films  electrodeposited  from  the 
Chrononyx  bath. 

To  determine  if  the  black  chrome  films  obtained  from  Sandia  National 
Laboratories  exhibited  similar  oxidation  behavior,  they  were  subjected  Co 
similar  thermal  exposure  treatments  and  the  oxidation  behavior  determined; 
typical  behavior  Is  plotted  In  Figure  5,8.  The  behavior  is  identical  to 
that  of  the  black  chrome  films  electrodeposited  under  conditions  listed 
in  Table  3.1  (Chapter  III);  i.e.,  rapid  initial  oxidation  followed  by 
increasingly  slower  oxidation. 

To  correlate  the  oxidation  behavior  of  black  chrome  films  with  that 
of  pure  chromium,  Che  oxidation  of  both  bulk  Cr  and  pure,  metallic  Cr 
films  were  studied;  the  details  are  given  In  Chapter  VI.  The  results 
indicate  that  the  mechanically  polished  bulk  Cr  samples  had  an  oxidation 
behavior  that  was  similar  to  that  observed  In  black  chrome.  The  electro- 
deposited Cr  and  Cr  films,  however,  showed  faster  oxidation. 

Thermal  Desorption  Besults 

The  Auger  data  showed  that  some  of  the  as-deposited  black  chrome 
films  contained  Cl  throughout  the  film.  However,  Cl  was  removed  from 
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Figure  5.7a  Variation  of  Crj03  content  in  bladt  chrome  filn  37B 
as  a function  of  exposure  time  at  460°C- 


Figure  5-76  Variation  of  CrgOg  content  in  black  cbronie  film  37B  as 
a function  of  exposure  time  at  460°C. 
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ttie  films  even  after  - 1 h at  400”C  ttiennal  exposure.  To  determine  tan 
and  at  wftat  temperature  Cl  was  desorbed,  the  black  chrome  films  containing 
Cl  were  heated  in  vacuum  and  the  desorbed  species  monitored.  The  desorption 
of  atonic  mass  unit  36,  corresponding  to  HCl'*',  is  plotted  in  Figure  5.9  as 
a function  of  temperature.  Desorption  was  evident  even  at  - 200'C;  each 
time  the  temperature  was  raised  (by  increasing  heating  current),  there 
was  a sharp  increase  in  the  desorption  of  AMU  36.  Time  to  heat  the  sample 
up  to  - S60°C  was  - 21  mlhutas,  while  the  cooling  period  to  - 50°C  took 
almost  11  minutes.  The  results  plotted  in  Figure  5.9  clearly  show  the 
sensitivity  of  Cl  in  the  black  chrome  film  to  thermal  exposure. 

To  determine  if  any  water  was  also  desorbed.  AHu  18  was  monitored. 

There  was  a small  increase  in  the  AMU  10  peak  at  temperatures  > 380°C 
while  cooling  the  sample  from  - 600*C  caused  gradual  decrease  in  the 
peak  height).  However,  this  increase  in  desorption  of  water  could  not 
be  definitely  ascribed  to  the  black  chrome  film.  Repeated  experiments, 
with  and  without  the  sample,  showed  insufficient  change  in  the  peak 
height.  The  relatively  large  sample  holder  made  determination  of  whether 
any  of  the  desorbed  water  was  from  the  black  chrome  sample  difficult. 

Oesorotion  of  H also  showed  a sharp  increase  in  the  same  temperature 
range  as  that  of  water.  However,  as  for  water,  attributing  any  of  the 
desorbed  H to  the  black  chrome  was  difficult. 

SEM  Photomicropraohs 

Typical  scanning  electron  photomicrographs  are  shpwn  in  Figures 
S.IO  - 5.13.  Figures  5.10  and  5.11  are  of  the  surface  of  black  chrome 
film  20C  in  the  as-deposited  and  thermally  exposed  conditions,  respectively. 


Figure  5-9 


Thermal  desorotlon  of  AHU  36  pealc  from  black  cftrone  film 
20C  as  a function  of  temperature.  The  arrows  represent 
the  sharp  Increase  noteO  as  soon  as  heating  current  was 
increased  b;  1A  tinitial  heating  current  was  EA). 
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Figure  5J0  S2H  micrograph  of 


surface  of  blaclc  chrome  film 
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Figure  5.11  SEM  mfcrograph  of  the  surface  of  black  chrome  film 
after  Chennai  exposure  of  d5  h at  bSO’C. 
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Figure  5.12  SE31  micrograph 


surface 


film  igc- 
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Figure  5.13  SEM  mlcrograoh  of  Che  scraped 
chrome  film  37Q- 


fragments  of  blacH 
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Hots  that  ttiermal  exposure  causes  little  or  no  change  In  agglomerate 
size.  Figure  5.12  shows  the  surface  of  another  as>depos1ted  film  while 
Figure  5.13  is  a photomicrograph  of  film  fragments  (of  film  37C)  scraped 
onto  a glass  slide.  The  photomicrograohs  show  that  variation  in 
agglomerate  size  within  a film  is  relatively  small,  while  variation  from 
film  to  film  is  more  significant.  For  example,  film  20C  had  mean  agglo- 
merate size  of  5 700  A,  while  film  370  had  a mean  agglomerate  size  of 
> 1000  A. 

Fffect  of  Oxide  Content  on  Optical  Properties 

The  relationship  between  the  oxide  content  in  the  blach  chrome  films 
and  the  hemispherical  solar  absorptance  (a.)  and  thermal  mnittance  (e)  were 
obtained  by  comparing  results  presented  in  Chapter  IV  (Table  4.3  and 
Figures  4. 6-4. IF),  this  chapter  [Table  5.1]  and  measured  values  of  Oxide 
content  and  optical  properties  on  the  black  chrome  films  obtained  from 
Sandia  National  Laboratories.  The  effect  of  the  oxide  content  on  and 
e are  plotted  in  Figures  5.14  and  5-15,  respectively.  It  can  be  seen  that 
B remained  nearly  constant,  and  at  Us  highest  value,  when  the  oxide 
content  in  the  film  was  controlled  between  40  - 75*.  In  the  same  oxide 
content  range  c decreased  linearly  with  increasing  oxide  content.  Thus, 
to  ensure  that  didm  significantly  change  during  service,  the  oxide  con- 
tent in  the  film  must  be  maintained  within  the  range  of  40  - 75*.  Oxide 
contents  $ 40*  and  z 75*  resulted  in  a sharp  decrease  in  b . In  comparing 
Che  oxide  contents  listed  in  Table  5.1.  it  is  evident  that  all  the  black 
chrome  films  that  had  J 45*  of  oxide  in  the  as-deoosited  condition  rapidly 
increased  their  oxide  content  on  themai  exposure  to  i 90*.  This  means 
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S CrjOj 


Variation  of  solar  aOsorptance  with  Cr203  content  in 
black  ciiroTO  coatings- 

— 16  g/1  cr*3  bath,  sulfamate  Ni  substrata 

— a g/1  bath,  sulfamate  lii  substrate 
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vol .1  CrjOj 


Figure  5.15 


Variatfon  of  thermal  emlttance  at  3Q0*C  with  Cr203 
content  in  black  chrome  coatings- 
— 16  g/1  Cr*3  bath,  sulfamate  Ni  substrate 

B g/1  Cr*’3  bath,  303  stainless  steel  substrate 

B g/1  Cr*3  bath,  sulfamate  Ni  substrate 
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lower  Oj.  i.e.,  increased  reflectance.  4 comparison  of  the  reflectance 
curves  (Figures  4.6  - 4.19)  support  this.  As-deposited  films,  such  as 
37Q,  which  had  - 331  oxide  showed  only  slight  changes  in  their  reflectance 
since  thermal  exposure  did  not  increase  their  oxide  content  beyond  - 751. 

In  contrast,  black  chrome  film  SR2,  obtained  from  Sandia  National 
Laboratories,  remained  gray  colored  even  after  thermal  exposure.  This 
is  because  oxide  content  of  this  film  was  5 30S  even  after  thermal  exposure 
(see  Figure  6.8];  this  value  is  below  the  optimum  range  of  40  - 7511. 

Sunmarv  of  Results 

The  major  results  (presented  above)  can  be  summarized  as  follows: 

1)  7PS  data  identified  the  oxide  present  in  the  black  chrome  films 
to  be  Cr^Oj.  This  is  true  for  both  the  films  electrodeposUed 
according  to  the  conditions  listed  in  Table  3.1  (Chapter  III) 
and  those  obtained  from  Sandia  National  Laboratories. 

Z)  Minor  constituents,  such  as  C,  Cl  and  S were  mainly  concentrated 
at  the  surface.  A few  of  the  black  chrome  samples  had  Cl  present 
throughout  the  films. 

3}  The  C!  present  in  some  of  the  black  chrome  films  was  very  sensi- 
tive to  thermal  exposure.  Even  1 h at  400*C  caused  near-total 
Cl  desorption.  Thermal  desorption  studies  showed  that  it  was 
desorbed  primarily  as  AMU  36  (i.e.,  HCl  species) . 

4)  The  oxidation  behavior  of  the  black  chrome  films  was  logarithmic 
in  nature,  i.e.,  rapid  oxidation  during  the  early  stages  of  thermal 
exposure  followed  by  increasingly  slower  oxidation.  This  is  simi- 
lar to  behavior  observed  on  mechanically  polished  bulk  Cr. 


5)  The  wide  content  in  the  films,  both  in  the  as-deoosiced  and 
theraaily  exposed  condition,  ~as  dependent  on  the  deposition 
conditions. 

6)  Slack  chrone  films  21A  tnrough  22S  »iere  significantly  different 
fran  the  other  films.  They  had  a grayish-white  appearance,  very 
low  oxide  content  and  were  very  thin.  Thermal  exposure  caused 
the  film  Co  delaminate  from  the  substrate. 

7)  Scanning  electron  microgrphs  showed  that  the  agglomerate  site  is 
related  to  deposition  conditions.  The  size  does  not  significantly 
change  with  thermal  exposure,  nor  does  it  vary  much  within  each 
individual  film. 

fi]  Solar  absorptance  remained  constant  and  at  its  highest  value 
when  the  oxide  content  in  the  black  was  between  40  ' 7i  vol.S. 

At  lower  and  higher  oxide  contents,  o.  decreases  rapidly.  In 
the  optimum  oxide  content  range,  c decreases  linearly  with 
increasing  oxide 


volume. 


CHAPTER  VI 

OXIDATION  Of  PURE  CHROMIIM 
IntroducHori 

The  oxidation  behavior  of  pure  chrmiion  is  important  in  this  study 
on  black  chrome  films.  The  black  chrome  films  exhibited  a logarithmic 
oxidation  behavior  when  thermally  exposed  in  air  at  temperatures  of 
390  ' 47D*C-  It  is  Of  interest  to  correlate  this  behavior  with  that 
of  pure  chromium.  Although  the  oxidation  behavior  of  pure  chromium  has 
been  studied  many  times,  most  of  the  studies  have  been  restricted  to 
initial  oxygen  Intake  on  clean  surfaces'®®'"'  or  thick  oxide  formation 
at  temperatures  greater  than  700‘C."®'"^  Furthermore,  the  majority  of 
these  investigators  studied  chromium  oxidation  in  pure  oxygen,  typically 
at  less  than  1 atmosphere.  In  the  lower  temperature  studies  times  of  less 
than  Z h were  typically  used.'®®’'®®’"®  Use  of  pure  oxygen  avoids  the 
simultaneous  interaction  of  the  metal  surface  with  constituents  of  air, 
such  as  nitrogen  and  water  vapor,  which  may  produce  synergistic  effects 
during  oxidation."® 

This  study  focusses  on  the  oxidation  of  pure  chromium,  in  the 
temperature  range  of  270  - agO^C  in  air  aOnospheres  for  exposures  from 
1 h to  more  than  100  h.  This  is  because  black  chrome  films  are  subject 
to  such  conditions  and  tne  use  of  air  is  to  compare  the  oxidation  behavior 
of  cure  chromium  and  black  chrome  under  similar  conditions. 
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Expennenul  Procedure 

The  chratiiun  samples  were  in  the  form  of  electroOeposited  nodules 
obtained  from  A.  0.  McKay.  Emission  spectrographic  analysis  gave  the 
following  results;  [Fe],  [Mg]  and  [Ni]  < 0.01*  each,  while  B.  5b,  As, 

Mn,  Pb,  Si,  N.  Ge,  8i.  Cd,  Be,  In,  Sn,  Mo.  V,  Cu,  Ag,  Zn,  Zr.  Ti,  Co, 

Cd,  Sr,  Oa  and  A1  were  not  detected.  Samples  were  mechanically  ground 
and  polished  thrmugh  a series  of  grits.  The  final  grinding  stage  was 
with  wet  SiC  paper,  while  the  last  two  polishing  stages  used  diamond 
paste  of  particle  sites  S u"<  and  1 um.  respectively.  Polished  samples 
were  ultrasonically  cleaned  with  Alconox  detergent  and  water,  thoroughly 
washed  with  deionited  water  and  dried  with  methanol . One  sample  for  each 
time-temperature  conbination  was  thermally  aged  in  a tube  furnace  In  air 
at  temperatures  between  Z70  and  490°C.  Temperature  control  was  better 
than  : 5”C. 

To  test  the  effect  of  surface  preparation  on  the  oxidation  rate, 
some  of  the  polished  samples  were  subsequently  el ectropol ished  In  a 
5 vol.*  solution  of  perchloric  acid  in  CH^COOH  at  14  - 16“C.  Polishing 
was  incremental  in  10  - 13  s bursts  at  approximately  0.4  A/cm^,  for  a 
total  time  of  100  - 150  s.  These  samples  were  thermally  oxidiaed  at  390°C. 
Pure  chromium  films  1400  X thick,  vapor  deposited  onto  sodium  borpsIHcate 
glass  substrates,  were  also  oxidized  at  temperatures  ranging  from  320  to 
490°C. 

Oxidized  samples  were  analyzed  for  surface  composition  and  oxide 
thickness  by  AES.  The  details  of  the  procedure  are  given  in  Chapter  V. 

The  sputter  rate  for  chromium  oxide  was  determined  by  measuring  the 
sputtered  depth  after  various  bombardment  times  on  oxidized  films  or  on 
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a bulk  Ct202  sample.  Sputtered  depths  uere  measured  with  a Sloan 
Angstrometer  or  a Sloan  Dektak  profilometer.  To  aocount  for  da;r-to-day 
variations  in  the  sputter  rate,  a standard  thickness  of  chromium  on  glass 
was  used  as  a sputter  rate  standard. 

A typical  AES  spectrum  from  an  oxidized  sample  is  shown  in  Figure 
6.1a.  The  oxide  surface  was  always  contaminated  with  C and  frequently 
contaminated  with  S and  Cl.  These  contaminants  largely  disappeared  in 
less  than  1 minute  of  ion  sputtering  {corresponding  to  S SO  A),  indicating 
that  they  were  concentrated  on  the  surface.  This  is  demonstrated  in  the 
AES  spectrum  (Figure  6.1b)  taken  after  I minutes  of  ion  sputtering.  The 
oxide  formed  on  ohromium  under  these  conditions  has  previously  been  shown 
to  be  No  evidence  of  chromium  nitride  was  observed. 

Typical  sputter  depth  profiles  for  two  oxidized  chromium  samples 
are  shown  in  Figure  6.2.  It  should  be  noted  that  the  zero  levels  are 
shifted  in  Figure  6.2  to  show  more  clearly  the  difference  in  oxide 
thicknesses.  Oxide  thicknesses  were  calculated  by  measuring  the 
sputtering  time  required  to  reduce  the  oxygen  peak-to-peak  height  to 
half  its  maximum  value  and  multiplying  by  the  sputter  rate  previously 
determined  for  CrjOj  (-  80  Ji/min). 

The  oxide  thickness  on  mechanically  polished  samples  exposed  only 
to  room  temperature  without  any  thermal  treatment  was  determined  to  be 
SB  ± IS  A.  The  variation  in  oxide  thickness  on  mechanically  polished 
samoles  as  a functioh  of  time  at  different  temperatures  is  plotted  on  a 
samilogarithmic  scale  in  Figure  6.3.  The  oxide  thickness  increased  as 
both  time  and  temperature  increased. 
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figure  6.1 


Auger  spectre  of  mechenicelly  polished  Cr  samples; 
a)  surface,  b)  after  two  ininutes  of  sputtering  with 
Ar’  ions  at  4 a lQ-=  Torr  pressure. 


Figure  6-2  Auger  sputter  profiles  of  mechanicelly  polisheo  Cr 
thermally  exposed  at  270”C  for  1 h and  23  h.  [The 
zero  level  for  the  23  h profile  has  been  shifted  as 
Indicated.] 


Figure  6.3a  Variation  of  the  oxiOe  thickness  on  mechanically  oolisheO 
Cr  as  a function  of  time  at  Oifferent  temperatures. 


Figure  6.3b 


Variation  in  the  oxide  thickness  on  mechanically 
BOlished  Cr  as  a function  of  time  at  different 
temperatures . 
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The  effect  of  surface  preparation  on  the  oxidation  behavior  is 
shovin  In  Figure  6.4,  which  is  a plot  of  the  oxide  thickness  as  a func- 
tion of  time  at  390°C  for  mechanically  polished  and  electropolished 
samples.  The  eleotropolished  samples  had  larger  oxide  thicknesses  than 
the  mechanically  polished  samples. 

Oxide  thicknesses  for  chromium  films  on  glass  and  for  bulk  chromium 
are  compared  in  Table  6.1.  The  oxide  thicknesses  on  the  chromium  films 
were  obtained  by  heating  in  the  temperature  range  320  - 490°C  for  various 
times,  while  the  oxide  thicknesses  on  bulk  chromium  were  obtained  by 
interpolation  from  the  plots  in  Figure  6.3.  The  table  shows  that  the  Cr 
films  oxidized  completely  in  3 44  h at  4gO‘C;  the  Cr  film  thickness  was 
- 1400  L The  table  also  shows  that  the  Cr  film  oxidized  much  n^re 
rapidly  than  the  bulk  Cr  specimens. 

Discussion 

The  results  show  that  on  mechanically  polished  Cr  samples  the  oxide 
thickness  increased  with  increasing  time  and  temperature,  but  at  a slower 
rate  than  that  on  the  electropolished  bulk  Cr  or  for  Cr  thin  film  samples. 
The  as-polisbed  oxide  thickness  on  bulk  Cr,  determined  to  be  Sd  A,  is 
larger  than  the  reported  value  of  about  20  The  higher  oxide 

thickness  is  probably  a result  of  mechanical  polishing  effects  since  the 
previously  reported  values  are  for  electropolished  and  thin  Cr  films. 
Although  the  as-electropoHshed  oxide  thickness  was  not  accurately 
measured,  it  was  less  than  that  of  the  samples  as-mechanically  polished. 


Thickness  (Ji) 


U5 


Time  (hours) 


Figure  S.4 


Effect  of  surface  preparation 
versus  aging  time  at  390°C. 
---  electropol ished  Cr 
— mechanically  polished  Cr 


thickness 


Table  6.1 


After  Thermal 
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Oxide  Thicknesses  on  a 1400  2 Chromium 
and  on  Mechanically  Polished  Bulk  Chromium 
Aging 
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T)ie  data  obtained  on  the  mechanically  polished  samples  were  fitted 
to  several  power  law  and  logarithmic  rate  equations'®®'^'^  and  regression 
analysis  was  used  to  determine  which  of  the  following  equations  gave  the 
best  description  of  oxide  thickness  versus  oxidation  time: 


y ■ mtjj  + 0 (linear  equation)  (6,1) 
y ’ * 4 (parabolic  equation)  (6-2) 
y.mty^  * c (cubic  equation)  (6.3) 
y • mlog  (t^  ♦ 1)  t c (logarithmic  equation)  (6.4) 


i = mlog  (t|j  t 1)  * c (inverse  logarithmic  equation)  (6.S) 

where  y represents  the  oxide  thickness  in  AngstrSins,  t the  thermal  aging 
time  in  hours,  m the  slope  and  c the  intercept. 

Regression  analysis  of  oxide  thickness  versus  time  was  performed 
using  a Statistical  Analysis  Systems  Institute  software  package**^  avail- 
able on  an  Amdahl  computer.  A general  linear  model  procedure  was  used. 

9.‘  values  as  a function  of  temperature  for  each  of  the  above  equations 
are  listed  in  Table  6,2,  represents  that  proportion  of  the  total  vari- 
ability of  the  y values  that  is  accounted  for  by  the  independent  variable 
tj.  it  is  a measure  of  the  degree  to  which  the  data  fit  the  equatidns 
under  consideration;  a value  of  unity  implies  perfect  The 

value  of  the  slope  obtained  from  regression  analysis  for  the  logarithmic 
equation  (equation  (6.4)]  was  used  to  draw  the  oxide  thickness  versus 
time  blots  as  a function  of  temperature  in  Figure  6.3.  The  table  also 
lists  the  student  t values  and  the  probability  for  null  hypothesis 
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(Hj  ; m • 0)  that  t > lt|  ; |tl  is  a value  obtained  from  standard  tables. 
In  the  null  hypothesis  (ti  : m ■ 0)  it  is  hypothesized  that  the  variable 
y is  not  related  to  the  independent  variable  t For  the  relation- 

ships listed  above  (eouations  (6-1  - 6.5))  to  exist,  it  is  necessary  that 
the  null  hypothesis  be  rejected.  For  a smaller  value  of  this  probability, 
the  confidence  that  the  nu11  hypothesis  is  rejected  is  greater. 

The  values  in  Table  6.2  indicate  that  a better  fit  was  obtained  with 
either  the  logarithmic  or  the  inverse  logarithmic  eouaticn.  This  is  also 
shown  in  Figure  6.5,  which  is  a plot  of  the  oxide  thickhess  at  350°C  with 
the  time  scale  varied  in  accord  with  the  different  eQuations  (eouations 
(6.1  - 6.S))..  It  is  obvious  from  Figure  6.30,  however,  that  at  460®C  and 
490°C  and  long  times  (t  > 100  h)  the  rate  of  oxidation  Increased  dramati- 
cally. Although  it  is  certain  that  the  oxidation  rates  increased  under 
these  conditions,  reliable  thickness  measurements  were  not  possible 
because  of  spallation  of  the  oxide.  Spallation  was  visually  observed  on 
samples  heated  for  more  than  70  h at  490°C  and  on  the  sample  heated  for 
165  h at  460°C.  This  tendency  to  spall  has  previously  been  reported  by 
Lillerud  and  kofstad"®  in  association  with  logarithmic  oxidation  behavior. 

The  oxide  thickness  data  plotted  in  Figures  6.3  - 6-5  were  obtained 
from  sputtered  depth  profiles  such  as  those  shown  in  Figure  6.2.  Each 
datum  represents  the  value  obtained  from  a spot  on  a single  Or  sample. 

The  main  causes  for  variability  in  the  values  plotted  are  variations  in 
the  as-polished  surface  condition  of  the  sample,  temperature  variation 
(within  the  ± 5”C  range)  and  sputter  rate  variation  during  Auger  analysis. 
The  thicknesses  of  the  oxide  determined  at  two  different  spots  on  the  same 
mechanically  polished  Cr  specimen  heated  for  50  h at  300°C  were  173  and  155 
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Figure  6.5  Plot  Of  oxiOe  thickness  ss  a function  of  time  at  350*C  for 
the  different  equations  ((6.1)  - (6,4)). 
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Similarly,  or  a sample  heated  for  100  h at  390*0,  the  values  were  317 
and  323  2.  The  oxide  thicknesses  obtained  from  two  different  mechanically 
polished  Or  samples  heated  for  43  h at  490*0  were  940  and  1056  A.  The 
precision  of  the  analysis  appeared  to  he  good.  However,  the  thickness  of 
oxide  on  mechanically  polished  Or  samples  heated  at  390*0  showed  greater 
scatter  in  thickness  than  at  other  temperatures,  particularly  for  aging 
times  of  23  h or  less.  Thus,  regression  analysis  results  on  the  390*0 
samples  are  not  included.  The  data  presented  in  figure  6.4,  however, 
show  that  distinct  differences  in  oxidation  rates  were  ohtained  for 
electropolished  versus  mechanically  polished  Or  at  390*0. 

Fehlner  and  have  suggested  that  the  oxide  thickness  should 

increase  logaritlxnically  hy  diffusion  occurring  along  grain  boundaries  in 
the  presence  of  a concentration  gradient.  Grain  boundaries  are  assumed 
td  disappear  with  grain  growth  and  crystallization  (or  recrystallization) 
of  the  oxide.  Both  Alessandrini  and  6ru5ic’°®  and  Lillerud  and  kofstad”*’"' 
have  reported  grain  growth  in  chromium  oxide  with  increasing  time  at 
temperature.  While  the  former  reported  parabolic  oxidation  behavior, 
the  latter  ohtained  an  approximately  logarithmic  oxidation  behavior. 

Lillerud  and  kofstad  concluded  that  grain  growth  gradually  eliminated 
the  easy  diffusion  paths  available  during  initial  oxidation,  resulting 
in  the  logarithmic  behavior.  Others”®'"^-'^^  have  also  suggested  that 
the  gradual  blocking,  deactivation  or  annealing  of  diffusion  paths  with 
time  results  in  logarithmic  oxidation  rates.  Evans’^^  has  suggested  that 
voids  may  develop  during  oxidation  which  may  reduce  the  area  of  the  scale 
available  for  solid  state  transport,  thus  resulting  in  slower  oxidation 
rates  at  longer  times.  Rhines  and  Connell'^*  obtained  a cubic  growth 


1S3 


rata  on  nickel.  They  explained  this  by  suggesting  that  the  new  oxide 
fonneo  along  the  grain  boundaries,  where  oxygen  diffusion  inward  along 
grain  boundaries  met  nickel  diffusing  out  through  NiO  grains. 

While  the  present  data  are  best  described  by  a logaritlmic  equation, 
most  published  data  on  cnromiuni  oxidation  at  shorter  times  and  higher 
temperatures  have  been  reported  to  be  consistent  with  a parabolic 

108,109,112-115  , 

'«"•  » number  of  factors  may  lead  to  the  operation  of  a 

different  oxidation  law  in  the  present  instance,  including  oxygen  pressure 
and  surface  preparation  effects.  Host  of  the  published  results  are  for 
Or  samples  subjected  to  thennal  oxidation  under  partial  vacuum  and/or 
for  times  ranging  up  to  only  2 h.  The  present  data  are  from  Or  samples 
that  were  thermally  treated  in  air  at  atmospheric  pressure  for  times 
ranging  from  1 h tomorethan  100  h.  However,  both  Fehlner  and  Mott'^^ 
and  Young  and  Cohen'^^  have  reported  that  the  oxidation  behavior  of  Cr 
was  not  sensitive  to  oxygen  pressure  at  low  temperatures  (S  300'C). 

Young  and  Cohen  also  reported  a negative  exponent  for  the  pressure  term 
in  the  oxidation  rate  equation;  its  value  became  slightly  more  negative 
as  the  temperature  was  increased  to  the  range  of  400  - 600“C.  Oxygen 
pressure,  therefore,  is  unlikely  to  be  a major  reason  for  the  logaritlmic 
behavior. 

Comparison  of  the  present  data  with  published  results  is  also  made 
difficult  because  of  surface  preparation  effects.  Host  of  the  published 
data  are  for  electropol ished  Cr  samples,  whereas  this  study  deals  mainly 
with  mechanically  polished  samples.  Two  possible  differences  resulting 
from  these  different  preparation  procedures  are  surface  roughness  and 
surface  purity.  XubaschewskI  and  Hopkins"^  have  reported  that  surface 
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roughness  may  either  increase  or  decrease  the  oaidation  rate  in  metals, 
hut  they  also  argue  that  the  rate  would  revert  hack  to  normal  oxidation 
behavior  as  the  oxide  becomes  thicker.  An  increased  oxidation  rate  is 
easy  to  understand  since  a rough  surface  would  have  a high  ratio  of  actual 
area  to  geometric  area.  Thus,  the  larger  total  surface  area  of  a rough 
sample  may  lead  to  more  rapid  reactions.  However,  in  some  instances 
rough  surfaces  lead  to  slower  reaction  rates.  The  reasons  for  this  are 
much  less  clear  than  those  for  the  opposite  case,  but  kubaschewski  and 
Hopkins  also  report  that  the  oxide  grain  size  is  affected  by  surface 
roughness.  It  seems  reasonable  to  speculate  here  that  surface  roughness, 
through  its  effects  on  oxide  grain  size,  may  lead  to  sure  rapid  oxide 
recrystallization  and  a reduction  of  the  easy  diffusion  paths  discussed 
above.  Under  these  circumstances,  slower  oxidation  rates  may  be  expected 
from  rough  surfaces.  This  may  also  cause  the  observation  of  logaritXnic 
behavior  in  this  instance,  while  parabolic  oxidation  dependence  has  been 
previously  reported.  The  conclusion  that  roughness  is  important  to  the 
oxidation  rate  is  reinforced  by  the  fact  that  both  the  vapor-deposited 
and  alectropoHshed  samples  oxidized  much  more  rapidly  than  mechanically 
polished  samples.  However,  the  time  dependence  of  oxide  thickness  cannot 
be  determined  in  the  present  instance  for  the  two  other  surface  preparation 
technigues  because  of  limited  data. 

To  ensure  that  the  different  behavior  obtained  for  the  mechanically 
polished  and  e1 ectropol ished  samples  was  not  due  to  impurities  introduced 
during  processing,  their  Auger  spectra  were  compared.  In  all  cases 
(mechanically  polished,  alectropoHshed  and  vapor  deposited),  the  surface 
contaminants  found  were  the  same  (i.e.,  S,  C and  Ci)  and  in  approximately 
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tne  same  amounts.  There  were  also  no  major  differences  in  impurities  in 
the  bulk  Cr  samoies. 

The  longer  thennal  aging  time  period  (from  1 h to  more  than  100  h) 
of  this  study  as  compared  to  most  puOHshed  results  {S  2 h)  may  also  nave 
been  a facton  in  the  different  oxidation  behavior.  Although  most  published 
results  ' • report  a parabolic  growth  law,  it  is  not  clear 

whether  their  analyses  were  sufficiently  rigorous  to  preclude  the  possi- 
bility that  the  growth  equation  was  other  than  parabolic.  The  short  time 
period  (S  Z h)  may  also  have  led  to  an  erroneous  conclusion  since  it  may 
have  been  insufficient  to  fully  reveal  the  correct  growth  behavior. 

While  the  present  data  is  best  fitted  by  a logarithmic  equation, 
the  regression  analysis  results  are  not  definitive  enough  to  completely 
preclude  the  possibility  of  fitting  the  data  to  another  equation,  such 
as  cubic.  The  present  investigation  was  conducted  to  determine  if  the 
oxidation  of  black  chrome  selective  solar  absorber  coatings  and  pure  bulk 
chromium  metal  were  similar  when  exposed  for  long  time  periods  in  the 
temperature  range  of  270  - 490*C;  the  results  demonstrate  similar  behavior. 


OISOKSION  OF  EXFEBIHENTAL  RESULTS 


this  Chapter,  their  significance  vis-a-vis  each  other  vrill  be  discussed. 
First,  however,  the  methods  used  for  reduction  of  data  presented  in 
Chapter  f (dealing  with  the  analysis  of  black  chrome  films)  will  be 


Data  Reduction 

The  compositions  of  the  black  chrome  films  were  obtained  principally 
by  XPS  and  AES  (Chapter  »),  XPS  analysis  showed  that  the  oxide  present 

drift  in  the  photoelectron  peak  and  comparing  with  pure  Cr^Oj  and 

also  reported  the  oxide  to  be  CrjOj,’^'^’  although  some  have  reported 
the  presence  of  hydrated  species. The  black  chrome  films  analyzed 
in  this  study  did  not  contain  any  hydrated  species  in  the  bulk  of  the 
films.  Neither  KPS  data,  such  as  shown  in  Figure  5.1, nor  SINS  analysis 
indicated  hydrated  species.  The  only  hydroxide  observed  by  XPS  was  at 
the  surface  of  the  black  chrome  film,  but  sputtering  for  < 5 minutes 
resulted  in  complete  removal, 

XPS  data,  such  as  those  shown  in  Figure  5.1,  indicated  that  the 
surface  of  these  black  chrome  films  was  entirely  composed  of  Cr^Oj, 

This  is  demonstrated  by  the  shift  in  the  Cr  peak 


increased, 
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towards  the  metalltc  Cr  binding  energy  with  increasing  depth  Into  the 
film.  The  same  trend  was  also  predicted  by  Auger  sputter  depth  profile 
data,  such  as  shown  In  Figures  5.4  and  5.5.  1.e.,  Increased  metallic  Cr 
with  Increased  depth  Into  the  film.  Ignatiev  et  al.,^^  however,  suggested 
that  the  Increase  In  metallic  Cr  was  not  real  but  was  an  artifact  of 
sputtering.  They  reported  that  oxygen  In  Cr^Oj  was  preferentially 
sputtered;  the  rate  of  this  preferential  sputtering  Increasing  with 
time.  Such  behavior  was  not  observed  In  this  study.  Sputter  reduction 
of  a Cr^Oj  standard  was  observed,  but  was  constant  after  sputtering  for 
- 1 minute  under  conditions  similar  to  those  under  which  black  chrome 
films  were  analyzed.  This  Is  shown  in  the  XPS  spectra  in  Figure  5.2. 

The  Cr  20^*^^  photoelectron  line  from  Cr^Oj  broadened  after  - 1 minute 
of  sputtering  (indicative  of  some  sputter  reduction  of  Cr^Oj  to  Cr), 

Further  sputtering  did  not  cause  any  changes,  i.e.,  sputter  reduction 
was  constant  after  ' 1 minute.  [Such  short  term  time-dependent  preferential 
sputtering  has  also  been  observed  elsewhere. It  was,  therefore, 
assumed  that  the  black  chrome  preferential  sputtering  behavior  was  similar 
to  that  of  pure  Cr^Oj,  I.e.,  constaht  sputter  reduction  after  - 1 minute 
(or  a short  time)  of  sputtering.  This  Implies  that  observed  changes  In 
metallic  Cn  concentration  as  a function  of  depth  Into  the  film  were  not 
due  to  sputtering  artifacts  but  due  to  real  changes  1n  composition. 

Because  the  time  period  during  which  preferential  sputtering  changes  was 
so  short  compared  to  the  total  sputtering  time  (<  It),  only  very  small 
corrections  would  be  necessary  in  any  calculations  based  on  sputter 
profile  data  of  black  chrome  films. 


Although  film  composition  can  be  detemineb  from  XPS  data.  Auger 
sputter  profile  data  (e.g..  Figure  5.4)  are  more  rapidly  obtained.  In 
addition,  the  results  agree  with  XPS  results  within  experimental  error 
(t  101).  as  shown  in  Chapter  v.  The  oxide  contents,  listed  in  Table  5.1, 
were,  therefore,  calculated  from  the  areas  under  the  oxygen  and  chromium 
Auger  sputter  profiles  using  equation  (5.1).  The  film  substrate  inter- 
face was  determined  as  that  point  at  which  the  Cr  Auger  signal  decreased 

to  half  its  maximum  peak  height.  The  area  used  for  calculatino  f. 

CrjOj 

in  equation  (5.1)  was  assumed  to  be  peak  height  times  sputter  time. 
Assuming  that  sputter  time  can  be  used  rather  than  depth  ignores  the 
effect  of  differential  sputtering  rates,  i.e. . it  assumes  that  the  sputter 
rates  for  Cr  and  Cr^Oj  are  the  same.  This  is  not  true.  Metallic  Cr  was 
observed  to  sputter  only  half  as  quickly  as  Cr^Oj.  Therefore,  the  inter- 
face between  CrgOj  in  the  film  and  the  substrate  occurs  after  shorter 
sputtering  times  than  for  metallic  Cr  (in  the  film)  and  the  substraU. 

This  argument  assumes  that  the  sputter  rates  are  not  interfened  with  by 
the  relative  distributions  of  Cr  and  Cr^Oj.  Such  an  assumption  is  not 
entinely  realistic  for  black  chrome  films  since  seme  interference  must 
occur.  For  example,  any  Cr^Oj  present  just  under  a Cr  particle  cannot 
be  sputtered  unless  the  Cr  particle  has  been  sputtered  away.  It  should 
be  noted  that  increased  interference  would  only  shift  the  calculated 
oxide  content  (Table  5.1)closerto  the  true  velue.  Thus,  a system  in 
which  there  is  no  interference  represents  the  case  where  the  error 
introduced  due  to  non-consideration  of  differential  sputtering  is  a 
maxiimjm.  The  extreme  cases  of  no  interference  and  complete  interference 
are  illustrated  by  the  hypothetical  microstructures  shown  in  Figure  7.1, 
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b)  Complete  interference 


Figure  7.1  Hypothetical  microstnjctures  that  exhibit  extreme 
of  interference  »ith  differential  sputtering. 
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The  vertical  calimns  of  Cr  and  CrgOj  1n  Figure  7.1a  represent  a film  where 
differential  sputtering  would  occur  without  Interference,  while  the  horizon- 
tally layered  film,  shown  in  Figure  7.1b,  represents  the  case  where  there  is 
complete  interference.  Note  that  the  nicrostructure  of  black  chrome  films 
represents  an  Intermediate  case. 

To  determine  the  effect  of  differential  sputtering  in  black  chrome 
films,  the  change  in  volume  fraction  of  Cr  relative  to  (Cr  + CrjOj)  as  a 
function  of  depth  into  the  film  is  plotted  in  Figure  7.2.  The  volume 
fractions  were  calculated  frar  the  relative  peak  heights  of  the  Cr  and  0 
Auger  signals  and  with  equation  (5.1).  In  the  equation,  the  peak  heights 
of  Cr  and  0 were  used  rather  than  areas.  For  the  differential  sputtering 
calculation,  the  0 and  Cr  peak  heights  that  correspond  to  the  same  point 
in  the  film  occur  at  different  sputter  times.  For  example,  the  Cr  metal 
content  given  by  the  Cr  Auger  signal  after  40  minutes  of  sputtering  and 
the  CrjOj  content  given  by  the  0 Auger  signal  after  20  minutes  of  sputtering 
gave  the  composition  of  the  same  depth  from  the  surface  of  the  film.  This 
is  because  Cr^Oj  sputters  twice  as  fast  as  Or.  Noting  that  the  Cr  Auger 
signal  is  a sum  of  the  signal  due  to  Cr  metal  and  Cr^Oj,  the  Cr  Auger  signal 
due  to  Cr  metal  Is  given  by 

■cr  ’ Ig  - 'o” 

where  Ij.  Is  the  total  Cr  Auger  signal,  1^  is  the  0 Auger  signal  after  the 
same  sputtering  time  and  R (=  0.46)  Is  the  same  constant  used  in  Chapter  V. 

The  plots  in  Figure  7.2  show  that  differential  sputtering  causes  a 
small  change  in  the  volume  fraction  of  Cr,  the  change  being  negligible  for 
the  thermally  exposed  film.  Thus,  oxide  content  determinations  that  ignore 
the  differential  sputtering  effects  are  not  unreasonable. 
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Effect  of  Oxide  Content  on  Optical  Prooertits 
Solar  Absorptance 

The  solar  aOsorptance  of  black  chrome  films  was  deCeneined  from 
reflectance  curves,  such  as  Figures  4.5  - 4.19.  Typical  values  for  the 
absorptance  are  listed  in  Table  4.3.  In  comparing  these  values  with  the 
oxide  contents  listed  in  Table  5.1  and  plotted  in  Figure  5.19,  it  is  clear 
that  there  is  a direct  correlation  between  the  oxide  content  in  the  film 
and  its  solar  absorptance.  The  main  correlations  are  as  follow: 

a)  Oj  exhibits  a naximum  whan  the  Cr^Oj  content  in  the  thermally 
exposed  films  is  between  40  and  75t. 

b)  Oj  is  relatively  constant  at  its  maxlinum  value  when  Cr^Oj  is 
between  40  and  754.  Above  and  below  this  range,  Oj  decreased 
rapidly. 

c)  The  maximum  value  of  Oj  is  different  for  different  films. 

Therefore,  to  maintain  the  solar  absorptance  constant  and  at  its  maximum 
value  during  service,  the  Cr^Oj  content  must  be  maintained  in  the  range 

40  - 754.  It  should  be  noted  that  changes  in  void  volume  and  distribution 
can  cause  this  range  to  shrink  or  expand.  Voids  are  believed  to  play  an 
important  role  in  the  thermal  stability  of  these  films  as  well.  These 
effects  are  discussed  in  more  detail  later, 

Changes  in  surface  roughness  of  the  black  chrome  film  or  the  substrate 
have  also  been  reported  to  cause  changes  in  solar  absorptance.' 

Pettit  and  Sowell  reported  a 5-64  increase  in  solar  absorptance  when  deposited 
on  rough  substrates  (1  - 2 urn  scale  Irregularities),  while  Smith  et  al.'^® 
reported  that  the  surface  of  the  black  chrome  films  was  intrinsically  rough 
(on  a scale  comparable  to  their  thickness)  and  Chat  the  solar  absorptance 
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Obtainable  was  dependent  on  this  surface  roughness.  They  also  reported 
that  this  surface  roughness  decreased  with  Increasing  thermal  exposure. 

The  surface  of  the  nlciiel-plated  steel  substrate  used  In  this  study 
had  a surface  roughness  comparable  to  the  film  thickness.  The  surface 
profile  of  the  bare  substrate  is  shown  in  Figure  3.1.  The  irregularities 
on  the  surface  are  500  - 1500  S.  while  the  film  thicknesses  are  - 2000  X. 
Therefore,  even  if  the  film  was  smooth,  the  surface  of  the  film  would  have 
a roughness  profile  similar  to  that  shown  In  Figure  3.1.  Black  chrome  films, 
electrodeposited  from  the  Chromonyx  type  Oath  appear  to  have  a uniformly 
rough  profile  largely  independent  of  deposition  conditions.  This  Is  reflec- 
ted In  the  similar  nature  of  their  oxidation  behavior — optical  properties 
correlation,  v1t.,  relatively  constant  absorptance  when  the  oxide  content 
is  In  the  range  of  40  - 75H.  A physical  measurement  of  the  actual  surface 
roughness  with  the  Dektak  profilometer  was  not  possible  because  the  films 
are  very  friable.  SEH  photomicrographs  showed  no  apparent  changes  in 
surface  roughness.  However,  Smith  et  al.'^®  observed  some  changes  in 
surface  roughness  with  thermal  exposure  by  using  a non-contact  stereo 
profilometer  specifically  devised  for  this  purpose.  Such  changes 
would  have  only  minor  effects  (-  It)  on  the  values  of  solar  absorptance. 

The  decrease  In  the  solar  absorptance  at  oxide  contents  greater  than 
' 75t  Is  due  to  the  decrease  In  the  number  of  multiple  Interactions  of  the 
solar  Irradiance  with  the  composite  film  with  increasing  CrgO^.  The  film 
acts  more  and  more  like  a simple  homogeneous  film  of  Cr^Oj.  Therefore, 
changes  In  reflection  become  more  dependent  on  changes  In  refractive  index 
and  the  film  thickness  than  on  the  multiple  scattering  by  Cr  particles 
within  the  film.  The  value  of  7St  oxide  at  which  the  solar  absorptance 
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decreased  is  not  an  absolute  value;  it  can  vary  depending  on  the  distri- 
bution and  relative  voluTes  of  voids,  agglomerates  and  agglomerate  size. 

For  films  with  uniformly  distributed  voids  and  constant  agglomerate  size, 
this  variation  is  estiiiBtad  to  be  - 5 vol.S  of  oxide-  This  estimate  is 
based  on  observed  variations  in  the  oxide  content  when  deposited  and 
thermally  exposed  under  similar  conditions.  Non-uniform  changes  can,  how- 
ever, cause  larger  variations. 

The  decrease  in  the  solar  absorptance  at  low  oxide  concent  (c  40X) 

IS  a result  of  the  more  metallic  nature  of  these  films.  The  layer  con- 
centration of  metallic  Cr  particles  in  these  films  results  in  more 
metallic  behavior,  i.e.,  more  reflectance  at  the  lower  wavelengths. 

Films  with  < 30»  oxide  are  grayish  in  color  due  to  the  semi-metallic 
reflective  nature  of  these  films.  The  decrease  in  absorptance  can  also 
be  related  to  changes  in  the  voids.  Low  oxide  content  films  appear  to 
be  more  dense,  i.e.,  contain  lesser  voids.  The  lower  void  volume  changes 
the  number  of  multiple  Interactions  of  solar  irradiance  with  the  film. 

Linder  these  conditions  of  high  metallic  Cr  content  and  low  void  volume, 
the  film  acts  more  like  a dense  metallic  film  than  like  a composite  film 
of  Cr  particles  dispersed  in  a matrix  of  Cr20j  and  air  (voids).  Therefore, 
there  is  increased  reflectance. 

It  should  be  noted  that  high  solar  absorptance  can  be  achieved  with 
a cpmbination  of  Cr  particles  dispersed  in  a medium  of  air.  However,  to 
achieve  high  absorpunce  with  such  a system,  the  Cr  particles  must  be  non- 
spherically  shaped  to  ensure  absorption  by  wavelength  discrimination'  rather 
than  by  the  multiple  scattering  effect  used  in  composite  systems. 


Thermal  Emil 


The  thermal  anittance  values  measured  for  the  as-deposited  films  are 
listed  in  Taele  4.4.  As  expected,  the  bare  nickel-plated  steel  substrate 
had  the  lowest  emittance  (0.055),  while  black  chrome  film  37Q  had  the 
highest  (0.173).  Thermal  emittance  of  black  chrome  film  has  been  reported 
to  increase  with  increasing  thickness  of  the  film  due  to  a shift  in  the 
absorption  edge  to  longer  wavelengths.'^  This  was  observed  with  the  black 
chrome  films  studied.  For  example,  films  29C  and  298a  had  the  same  oxide 
content,  Out  the  thermal  emittance  of  29C  was  higher  than  that  of  29Ba. 

This  was  because  29C  was  - 25*  thicker.  Similarly,  the  higher  emittance  of 
37Q  was  due  to  its  greater  film  thickness. 

Films  containing  very  high  metallic  Or  contents,  such  as  214  through 
226,  have  low  thermal  emittance  values  since  they  behave  like  metal  films. 
Films  containing  more  oxide,  such  as  37Q,  show  higher  thermal  emittance 
because  of  the  mltiple  scattering  (and  ehtrapment)  of  the  long  wavelength 
thermal  waves  (-  2 urn).  However,  with  increased  oxidation,  the  thermal 
emitUnce  must  decrease  because  of  the  decrease  in  the  multiple  scattering 


shown  in  the  plots  of  Figure  5.19.  They  show  that  with  increased  oxide 
content  in  these  films  (during  thermal  exposure),  the  thermal  emittance 


Prediction  of  Microstructure  from  Optical  Properties 

The  solar  absorptance  and  thermal  emittance  properties  of  the  black 


Therefore,  prediction  of  the  microstructure 


from  the  values  of  the  solar  absorpunce  anO  thermal  emittance  should  be 
conceivable.  However,  this  requires  an  unreasonable  number  of  assumptions. 
Since  the  absorptance  and  emittance  are  single  number  values  of  the 
behavior  of  a black  chrome  film  over  different  wavelength  ranges  {D  - 2 pm 
and  2-20  um.  respectively),  prediction  of  the  reflectance  curves  from 
these  values  requires  assumptions  about  the  microstructure.  This  would 
then  predict  how  the  reflectance  curves  would  change  with  absorptance  and 
emittance.  But,  as  explained  elsewhere  in  this  chapter,  changes  in  the 
microstructure  occur  with  thermal  exposure  and  with  the  deposition  condi- 
tions. Therefore,  although  the  optical  properties  car  be  estimated  from 
model  calculations  based  on  the  microstructure,  the  reverse  is  much  irore 
difficult  and  unreliable. 

Oxidation  Behavior  of  Black  Chrome 

Some  of  the  features  relating  to  the  oxidation  behavior  of  these  films 
on  thermal  exposure  have  already  been  discussed.  The  oxidation  of  all  the 
electrodeposited  black  chrome  films  show  the  same  logarithmic  behavior. 

This  means  that  there  is  rapid  piidation  within  the  first  few  hours  of 
thermal  exposure  followed  by  increasingly  slower  oxidation.  This  type  of 
behavior  implies  that  the  oxide  formed  during  the  initial  stages  of  thermal 
exposure  protects  (or  passivates)  the  Cr  particles  to  slow  subsequent  oxi- 
dation. This  is  true  despite  the  fact  that  the  as-deposited  films  have 
i 3(R  in  them. 

The  effect  of  a thin  overlayer  on  the  oxidation  behavior  of  black 
chrome  films  was  studied  to  determine  if  it  caused  any  changes.  The 
results  of  depositing  a thin  overlayer  of  SiOj  are  presented  In  Appendix  E. 
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Tne  SiO^  U/er  sinpl;  acted  as  an  additional  passivating  layer,  It  caused 
a reduction  in  the  extent  ot  oxidation  with  thermal  exposure,  probably  by 
reducing  the  number  of  pores  at  the  surface.  This  is  evident  from  the 
results  on  the  oxidation  of  blacX  chrome  films  with  and  without  the  SiOj 
overlayer  (Figure  £.2).  Overlayers  of  SiOj  can  thus  be  used  for  added  pro- 
tection or  for  salvaging  black  chrome  films  that  were  deposited  under  condi- 
tions that  cause  rapid  degradation.  The  presence  of  an  overlayer  will 
affect  the  optical  properties  of  the  film.  Pettit  and  Brinker'^®  observed 
a decrease  in  the  solar  absorptance  with  so1  gel  coatings.  However,  proper 
match  of  the  refractive  indices  could  prevent  any  decrease  in  absorptance; 
an  increase  nay  also  be  possible. 

The  conclusions  that  can  be  drawn  from  the  oxidation  behavior  of  black 
chrome  films  are  as  follow: 

a]  The  as-deposited  oxide  provides  only  poor  protection  for  the  Cr 
particles  from  oxidation  on  thermal  exposure, 

b]  The  oxide  formed  during  thermal  exposure  is  the  only  protective 
coating, 

c]  An  overlayer  {of  Si02)  reduces  the  extent  of  oxidation  of  Cr  to 
Cr^Oj  by  acting  as  an  additional  protective  layer. 

A comparison  of  the  Increase  in  oxide  content  with  thennal  exposure 
of  the  different  black  chrome  films  shows  no  clear  correlation  between  films. 
All  the  films  show  the  same  rapid  Initial  increase  in  oxide  content  with 
thermal  exposure.  Hpwever,  the  increase  in  oxide  content  or  the  Increase 
relative  to  the  as-deposited  oxide  content  do  not  follow  any  consistent 
pattern.  This  suggests  that  the  change  in  composition  In  these  films  is 
associated  with  change  in  the  morphology  of  the  films.  A comparison  of 


the  agglomerate  size  with  the  oxide  content  again  shows  no  clear  correlation. 
Thus,  changes  in  the  extent  of  oxidation  are  likely  to  be  related  to  changes 
in  the  void  volume  (and  distribution)  and  other  effects,  which  will  be  dis- 
cussed later  in  this  chapter. 

A comparison  of  the  oxidation  behavior  of  black  chrome  with  pure  Cr 
shows  that  its  behavior  is  similar  to  that  of  mechanically  polished  Cr, 
Therefore,  passive  oxide  thickness  data  for  mechanically  polished  bulk  Cr 
can  be  utilized  to  indicate  the  thickness  of  the  passive  oxide  layer  that 
must  form  on  the  Cr  particles  at  any  tanperature-time  combination.  Further- 
more. lifetime  of  the  solar  absorber  can  be  predicted  since  changes  in  its 
optical  properties  are  related  to  its  oxide  content.  For  example,  data  in 
Figure  6.3  indicate  that  a passive  oxide  layer  of  6 325  ^ would  form  on  the 
Cr  particles  when  thermally  exposed  for  - 10,000  h at  350°C.  The  same  film, 
thermally  exposed  for  - 100  h at  450°C  would  produce  a passive  layer  of 
t 800  A.  noting  thet  total  Cr^O^  ° As-Deposited  Oxide  * Passive  Oxide, 
the  minimum  size  of  the  Cr  particles  can  be  estimated  (assuming  uniform 
sized  spheres)  to  ensure  that  the  Cr^O^  content  in  the  film  does  not  exceed 
- 751  during  service  at  any  specific  temperature.  For  example,  black  chrome 
films  that  increase  their  oxide  content  from  30  to  70S  when  thermally  exposed 
for  10.000  h at  350®C  would  need  to  have  Cr  particles  of  - 700  X in  the  ss- 
deposited  film.  Note  that  because  of  the  logarithmic  character  of  oxidation. 
Increasing  the  particle  size  to  - 950  X would  give  a lifetime  of  100,000  h 
at  SSO'C.  However,  since  oxidation  rates  increase  exponentially  with  temper- 
ature, similar  calculations  indicate  that  the  Cr  particle  size  would  have  to 
be  i 2000  A at  460°C  for  thermal  stability  after  10,000  h.  The  change  in 
particle  size  and  corresponding  growth  in  oxide  thickness  is  shown  in 
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Figure  7.3.  This  assumes  a 325  S t 
particle  (at  350"C).  this  beirg  the 
a1se  assumes  that  the  density  expan 
and  is  accpnnodated  by  an  increased 
Stability  was  observed  in  most 
not  as  large  as  predicted  using  the  procedure 
was  stable  even  when  themally  exposed  for  65 
graphs,  however,  showed  that  the  agglomerate 
Cr  particle  site  must,  therefore,  be  smaller, 
ration  of  Cr  in  the  film  is  not  totally  due  t 
them  but  also  due  to  other  factors.  Fettit  e 
stable  films  had  the  Cr  particles  clustered  together  to  reduce  the  su 
to  volume  ratio  [and,  therefore,  reduce  oxidation).  They  also  report 
the  areal  density  of  stable  coatings  was  higher  than  that  of  unstable 
coatings,  i.e.,  stable  coatings  had  a small  void  volume.  The  agglomei 
size  in  the  black  chrome  films  indicates  that  clustered  Cr  particles  . 
could  not  have  been  responsible  for  thermal  stability.  Za^ac,  Ignatii 
and  their  co-workers^^ proposed  that  the  thermal  degradation  was  di 
to  the  formation  of  microvoid  metallic  Cr  particles  by  the  evolution  ( 
HjO  at  temperatures  S SOCC.  The  evolution  of  HjO  was  caused  by  the 
decomposition  of  chromium  hydroxides  to  chromium  oxide.  Subsequent  tl 


ick  passive  layer  formed  around  each 
inly  passivating  layer.  The  calculation 
ion  from  the  metal  to  the  oxide  is  SOI 
ixide  layer  thickness. 

'ilms  even  when  the  particle  size  was 
:.  For  example,  film  370 
«60°C.  SEM  photomicro- 
itself  was  ~ 1000  I,  the 
> suggests  that  the  passi- 
thick  layer  formed  around 
suggest  that  thermally 
■r  to  reduce  the  surface 


■articles 


t layers  of  sphero 


They  also  propo; 
with  a thin  Cr,0, 


were  covered  at  the  surface  by  a layer  of  = 400  A 
oxidation  of  the  particles  throughout  the  film, 


170 


Figure  7.3  Effect  of  thermal  exoosure  on  hlack  chrome  film  with 
700  S Or  particles. 


The  AES  depth  profiles  of  black  chrome  films  suggest  that  the 
CrjOj  formed  close  to  the  surface  aids  1n  the  passivation  of  Cr  particles 
deeper  In  the  film.  This  1s  similar  to  that  suggested  by  Ignatiev  et  al,^^ 
HOMever,  on  the  basis  of  their  model,  oxide  content  increase  would  be  uni- 
forni  throughout  the  inner  layers  of  the  film.  Such  a prediction  Is  not 
supported  by  Auger  sputter  profile  data  for  the  films  studied  here.  The 
Auger  data  show  that  increasing  oxide  content  (with  thermal  exposure)  is 
associated  with  a thickening  of  the  outer  pure  Cr^Oj  layer.  This  is 
demonstrated  In  Figures  5.4  - 5.5.  Both  figures  show  the  advancement  of 
the  oxide  layer  into  the  film  with  increasing  thermal  exposure.  It  should 
be  noted  that  some  increase  In  oxide  content  is  observed  within  the  film, 
but  that  Increase  1s  less  with  increasing  depth  into  the  film.  There  are 
at  least  two  different  modes  of  change  In  microstructrue  that  can  be  pro- 
posed that  exhibit  this  behavior. 

The  first  type  of  microstructure  is  such  that  the  as-deposited  oxide 
Is  more  passivating  deep  inside  the  film  than  it  is  closer  to  the  surface. 

In  other  words,  the  interconnected  void  distribution  is  non-uniform,  being 
large  close  to  the  surface  and  progressively  decreasing  with  depth.  Note 
that  this  does  not  imply  that  the  total  void  volume  (interconnected  plus 
isolated)  decreases  with  depth;  no  data  are  available  on  this  question. 

In  the  second  type  of  microstructurei  the  film  is  viewed  as  having  voids 
distributed  throughout  the  film.  Initial  stages  of  thermal  exposure 
cause  rapid  oxidation.  Most  of  the  oxide  forms  by  oxidation  of  Cr  particles 
closest  to  the  surface,  although  some  oxide  will  be  formed  on  Cr  particles 
deeper  inside  the  film  [due  to  the  porous  nature  of  the  films),  Thickening 
of  the  outer  layer  of  oxide  (with  increasing  thermal  exposure)  protects  the 
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Cr  particles  deeper  inside  the  film.  The  groirth  of  the  o«ide  causes  the 
closure  of  pores  wherever  the  onide  forms.  The  void  volume  distribution 
thus  becomes  non-uniform. 

Although  neither  type  of  suggested  microstructural  changes  can  be 
considered  to  be  implausible,  experimental  evidence  favors  the  former, 
i.e.,  the  structure  with  void  distribution  shown  in  Figure  7.4.  The 
distribution  of  Cl  contamination  (discussed  In  the  next  section)  suggests 
an  interconnected  void  distribution,  such  as  shown  in  Figure  7.4. 

Auger  sputter  data  clearly  support  the  contention  that  the  nickel 
substrate  is  not  oxidized  until  all  of  the  black  chrome  film  is  oxidized. 
Irrespective  of  the  black  chrome  film  being  analyzed,  the  oxygen  Auger  beak 
{associated  with  oxide  formation)  never  showed  an  increase  at  the  interface 
(indicating  formation  of  NIC)  before  near  complete  oxidation  of  the  film. 
This  indicates  that  the  black  chrome  film  is  passivating  towards  N10  forma- 
tion. The  fact  that  Cr203  increased  deep  within  the  coating  but  NiO  was 
not  observed  Implies  that  although  there  are  voids  between  the  agglomerate, 
few  Interconnected  voids  extend  completely  to  the  interface.  Some  such 
voids  must  exist  from  the  interface  to  the  center  of  the  black  chrome  films 
or  deeper,  resulting  in  the  Increased  CrjOj  content  at  depths  greeter  than 
half  the  film  thickness. 

Effect  of  Minor  Constituents  in  the  Film 

Several  of  the  black  chrome  films  had  Cl  present  (Chapter  V).  This 
Cl  desorbed  easily  during  thermal  exposure,  evident  from  data  presented  in 
Chapter  V.  Thermal  desorption  studies  showed  that  the  Cl  began  to  desor^i 
(primarily  as  HCl*)  at  temperatures  as  low  as  200'C.  The  rate  of  desorption 
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figure  7.4  Schematic  distribution  of  connected  void  distribution 
a function  of  depth  into  Che  film. 
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Increased  with  increasing  tanperature  up  to  - SOO’C  (Figure  5.9).  Although 
thermal  desorption  of  and  H species  was  also  observed,  it  was  not 
clearly  attrioutable  to  the  sample.  Smith  et  al.*°  observed  desorbed  H,0 
and  H species  and  attributed  then  mainly  to  the  presence  of  chromium  com- 
pounds rather  than  to  chenisorbed  species.  They  analyzed  as-prepared  elec- 
trodeposited  black  chrome  films  and  after  thermal  exposure  for  1 h in  air. 
The  samples  were  re-examined  after  atmospheric  exposure  for  any  re-adsorp- 
tion of  water.  Little  or  no  water  was  observed  to  re-adsorb.  They  argued 
that  the  irreversible  nature  of  the  removal  of  HjO  and  H meant  that  the 
thermally  desorbed  HjO  and  h species  were  from  hydrogen  containing  compounds 
of  chromium.  However,  it  is  not  clear  from  their  prooedure  and  results  if 
they  considered  the  possibility  of  HjO  and  H being  adsorbed  during  sample 
preparation.  As  the  procedure  in  Appendix  8 indicates,  there  are  several 
stages  after  electrodeposition  that  involve  cleaning  with  water.  Such 
steps  could  encourage  H^O  chemisorption,  or  condensation  in  capillaries, 
particularly  in  films  that  contain  tnterconnected  voids.  Thermal  exposure 
would  cause  rapid  desorption  and,  unless  these  films  were  again  immersed  in 
water,  the  extent  of  re-adsorption  (in  air)  would  be  much  smaller.  This  is 
Important  since,  as  discussed  earlier  in  this  chapter,  they  model  the  thermal 
degradation  mechanism  as  being  related  to  the  formation  of  microvoids  during 
thermal  evdlution  of  H^Q  and  H. 

Chlorine  in  the  films  studied  could  have  been  incorporated  during 
electrodeposition  or  in  the  subsequent  cleaning  operations.  The  Auger 
sputter  profiles  of  all  the  Cl  containing  films  showed  large  Cl  Auger 
signals  at  the  surface,  but  this  signal  intensity  decreased  rapidly  with 
Increasing  depth  into  the  film.  The  incorporation  of  Cl  during  electro- 
deposition  can  be  explained  by  suggesting  that  Cl  forms  a positive  ion 


complex  witn  Cr  and  is  deposited  Into  the  film.  But  Pettit  and  Sowell®^ 
reported  that  even  high  levels  of  Cl  contamination  in  the  electrodeoosition 
bath  did  not  cause  Cl  to  be  present  in  the  films.  They  observed  that  high 
Cl  contamination  in  the  bath  detrimentally  affected  the  thermal  stability 
of  Dlack  chrome  films  because  the  films  formed  large  isolated  clusters  of 
Cr  and  Cr^Oj  rather  than  a uniform  film.  SCH  photomicrographs  of  Olack 
chrome  films,  with  Cl  contamination,  such  as  37(),  showed  that  such  films 
had  the  same  densely  packed  stnucture  as  the  non-Cl  containing  films.  In 
fact,  film  37Q.  which  had  Cl,  was  one  of  the  most  stable  films. 

Thus,  it  aooeans  that  a second  effect  of  Cl,  different  from  that 
reported  by  Pettit  and  Sowell,  was  observed  in  this  study.  It  seems  likely 
that  the  Cl  detected  in  the  films  in  this  study  was  adsorbed  during  the 
wash  cycles  after  electrodeposition  (Apoendix  6).  Conoentrations  of  Cl  in 
the  cleaning  baths  were  likely  due  to  build-up  from  the  solution  brought  in 
by  the  black  chrome  film  and  holder  after  every  deposition.  Adsorotion  in 
the  washing  baths  would  explain  the  deoreasing  concentration  of  Cl  with 
Increasing  depth  into  the  film.  The  presence  of  voids  would  permit  migra- 
tion of  Cl  into  the  film  Out  migration  becomes  less  likely  as  the  depth 
into  the  films  becomes  larger.  Furthermore,  Cl  was  not  concentrated  at 
the  ftlm-substrate  interface,  supporting  the  earlier  conclusion  that  few 
interconnecting  paths  exist  all  the  way  to  the  interface.  Note  that  both 
the  proposed  microstructural  change  modes  (see  oreceding  section}  can 
explain  the  decreasing  concentration  of  Cl  with  depth  into  the  film  and  the 
relative  ease  with  which  Cl  desorbed  on  thermal  exposure. 
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CanMriiofi  «Uh  Model  Calculations 

A comoarison  of  the  experinental  results  ana  the  model  calculations 
discussed  in  Chapter  U show  that  there  is  good  qualitative  agerement  with 
the  model  of  Sweet  and  Pettit. The  experimental  reflectance  curves, 
plotted  in  Figures  4.6  - 4.19.  all  show  the  broad  adsorption  edge  at  wave- 
lengths > 1 um  and  a relatively  flat  reflectance  profile  at  lower  wavelengths. 
However,  on  thennal  exposure,  most  of  these  films  exhibit  a broad  reflectance 
maxima  at  - O.S  pm  (in  addition  to  the  absorption  edge).  The  maxima  both 
increased  and  shifted  to  lower  wavelengths  (e.g..  Figure  4,7).  Based  upon 
theoretical  calcualtions  (Chapter  U),  this  broad  maxima  Is  associated  with 
the  formation  of  a passive  layer  around  the  metallic  Cr  particles.  The 
reduction  in  the  Cr  particle  size  (due  to  oxidation)  and  the  formation  of 
the  dense  passive  Cr^Oj  layer  around  it  result  in  changes  in  the  extent  of 
interaction  of  the  film  with  incident  radiation,  thereby  changing  the  reflec- 


From  Sweet  and  Pettit's  reflectance  calculations  (Figure  2.11),  the 


increase  in  the  broad  maxima  at  - 1 um  is  approximately  related  to  the 


increase  in  oxide  content  in  the  film.  On  the  basis  of  the  relative  peak 
heights  at  1 um,  the  relative  volume  fractions  of  Cr  to  (Cr  * Cn^Oj)  should 
be  0.2,  0.31,  0.45  and  0.56  instead  of  0.2,  0.3,  0.4  and  0.5,  the  volume 
fractions  used  to  calculate  the  reflectance  curves  In  Figure  2.11.  However, 
the  experimental  reflectance  curves  plotted  in  Figures  4,6  - 4.19  show  no 
such  correlation  between  the  relative  volume  fraction  of  Cr  to  (Cr  * Cr203) 
and  the  relative  peak  heights  of  the  broad  maxima.  This  suggests  that  the 
idealized  model  of  coated  spherical  particles  embedded  in  an  insulating 
medium  only  qualitatively  agrees  with  the  real  structure.  !t)del  calculations 
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assaned  Mat  Me  void  distribution  (and  volume)  and  agglomerate  size  all 
remained  tonstant  irrespective  of  the  deposition  conditions  and  -iM  thermal 
exposure.  Experimental  data  do  not  support  these  assumptions.  Experimental 
evidence  in  association  with  model  calculations  suggest  Me  following; 

a)  The  deposition  conditions  control  the  void  volume,  agglomerate 
size  and  possibly  the  void  distribution.  Films  wIM  lower  as- 
deposited  oxide  contents  are  generally  associated  with  lower  void 
VO  1 umes , ^ 

b)  Thermal  exposure  causes  non-uniform  oxidation  of  the  film.  The 
CrjOj  surface  layer  thickens  with  increasing  oxidation.  Deeper 
layers  only  show  smaller  changes  in  oxide  content. 

c)  The  non-uniform  oxidation  behavior  is  due  to  the  non-uniform  distri- 
bution of  voids  or  changes  in  Me  distribution  of  voids  in  the  film. 

Thus,  model  calculations  assuming  uniformity  of  void  distribution,  etc.,  can 
give  only  qualitative  correlations  with  real  films.  More  quantitative  results 
should  be  obtained  by  considering  model  film  structures  Mat  exhibit  non- 
uniform  void  volumes,  dense  Cr^Oj  outer  layer  and  a distribution  of  coated 
spherical  Cr  particles  within  the  film.  Such  model  calculations  are  not 
affected  by  whether  the  non-uniform  void  volume  is  a result  of  thermal  expo- 
sure or  intrinsic  to  the  film.  There  are,  however,  many  difficulties  in 
incorporating  Me  effects  of  void  volume  and  distribution  changes  into 
model  calculations,  as  explained  in  Chapter  ll.  However,  such  incorporation 
is  necessary  to  better  predict  the  behavior  of  real  black  chrome  films. 
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Effect  of  Peoositlon  Conaitions 

The  optical  properties  snO  the  thermal  stability  of  the  black  chrome 
films  are  directly  controlled  by  the  electrodeposition  conditions,  such  as 
those  listed  in  Table  3.1.  Variation  in  the  deposition  parameters  affects 
the  visual  appearance  of  these  films  as  well  as  their  behavior  during  thermal 
exposure. 

Appearance  of  Black  Chrome  Films 

The  black  chrome  films,  deposited  under  conditions  listed  in  Table  3.1. 
show  noticeable  differences  in  appearance.  Coatings  21A  through  228  are 
grayish-white  ih  color  while  films  29D,  29E  and  29J  have  a streaked  look. 

The  other  films  have  a uniform  appearance,  their  color  ranging  from  dark 
blue  to  a dull  black. 

The  grayish-white  films  (21A  - 2281  also  were  very  thin  (<  200  A) 
and  had  very  low  oxide  content.  Their  deposition  was  associated  with  less 
vigorous  evolution  of  gas  at  the  cathode.  A comparison  of  the  deposition 
conditions  [Table  3.1)  does  not  show  any  significantly  different  parameters- 
The  CrOj  concentration  of  the  bath  used  for  these  films  is  the  lowest 
(171  ' 179  g/1)  but  only  slightly  lower  than  the  baths  used  to  deposit 
dark  films  (2  181  g/1).  It  was  suspected  that  a likely  reason  for  the 
metallic  nature  of  these  black  chrome  films  was  due  to  sulfate  contamina- 
tion. Kowever,  sulfate  concentration  was  not  measured.  Deliberate  addi- 
tion of  ' 0.5  g/1  of  sulfate  ions  into  a black  chrome  bath  iirmcdiately 
caused  the  formation  of  grayish  deposits,  which  confirmed  initial  suspi- 
cions. Similar  baths  containing  sulfate  concentrations  2 2 g/1  are  used 
for  depositing  Cr  metal  coatings. In  addition  to  2 2 g/1  of  sulfate 
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1ans,  TOtal  Cr  elsctrodeposition  batus  contain  a 250  g/1  of  CrOj  and 
are  deposited  at  current  densities  > 350  wA/cJ  from  baths  Mlntained  at 
temperatures  2 50’C.  Comparison  with  the  deposition  conditions  for  the 
grayish-white  coatings  (21A-  22B)  explains  the  thinness  of  these  coatings. 
They  are  deposited  at  lower  current  densities  and  from  lower  temperature 
baths,  both  of  which  reduce  the  deposition  rate.  Furthermore,  high  CrOj 
to  sulfate  ion  concentrations  result  in  low  deposition  rates.  It  is 
expected  that  the  sulfate  concentration  In  these  black  chrome  baths, 
though  significant,  would  be  much  less  than  in  the  metallic  Cr  deposition 
baths  {2  2 g/1).  Therefore,  the  CrOj  for  sulfate  ion  ratio  is  likely  to 
be  higher,  resulting  in  poorer  deposition  rates. 

The  presence  of  sulfate  ions  in  the  baths  can  be  attributed  to  a 
gradual  build-up  of  its  concentration  with  use.  Furthermore,  there  was 
a gap  of  several  days  between  the  previous  batch  of  depositions  and  the 
21A  - 22B  group.  Besides  build-up  of  sulfate  conUmination,  this  period 
of  time  may  have  enabled  any  undissolved  sulfates  to  dissolve  as  well. 

The  next  batch  of  black  chrome  films  was  also  deposited  from  this  bath. 
However,  the  bath  was  diluted  to  more  than  twice  its  volume  and  fresh 
additions  of  barium  carbonate  {to  precipitate  out  sulfates  from  the  bath), 
CrOj  and  acetic  acid  were  made.  Subsequently,  these  black  chrome  films 
showed  the  dark  color  (associated  with  higher  oxide  content)  and  were  much 
thicker  than  the  grayish-white  coatings. 

The  nkjst  important  feature  associated  with  the  electrodeposition  of 
the  "streaked"  films  (290.  29E  and  29J)  was  higher  temperature.  They  were 
deposited  at  2B  - 30“C.  while  all  the  other  films  were  deposited  from  baths 
at  temperatures  5 25°C.  The  higher  bath  temperature  appears  to  have  caused 


e nitanss  foaming  at  the  cathode,  resulting  in  non-uniform  thickness 


Chromic  ai 


i Acetic  Acid  Concentration 


Chronic  acid  is  the  principal  source  for  the  chromium  deposited  in 
the  black  chrome  films,  while  the  primary  role  of  acetic  acid  is  that  of 
a Puffer  (i.e.,  to  maintain  the  pH),  Although  varying  either  CrOj  or 
acetic  acid  affects  the  nature  of  the  deposit,  the  combined  action  is 
equally  important.  For  example,  chromic  acid  concentrations  (J  400 
g/1)  have  been  reported  to  produce  grayish  deposits. However,  black 
chrome  films  (290,  29E  and  29F)  deposited  from  high  CrOj  concentration 
baths  were  bluish-black  in  color.  The  reason  for  this  is  that  thesehadacid 
concentrations  < 20  vol.S,  unlike  the  baths  reported  to  produce  grayish 
deposit  which  had  - 27  vol.S.  The  low  acetic  acid  concentration  compensated 
for  the  high  CrO^  acid  concentrated  and  produced  a dark  deposit.  The  com- 
bined interaction  of  acetic  and  chromic  acid  on  the  volume  fraction  of  oxide 
in  the  deposition  conditionsshown  in  Table  3,1.  These  data  are  based  on  the 
deposition  conditions'  oxide  contents,  shown  in  Table  3.1.  The  values  in 
Table  7.1  show  that  a combination  of  high  CrOj  or  low  CrOj  with  optimum 
acetic  acid  concentration  (25  - 28S)  resulted  in  as-deposited  oxide  content 
of  40  - 505.  Optimum  CrOj  concentration  (300  - 350  g/1)  caused  the  as- 
deposited  oxide  content  to  decrease  to  30  - 405. 


Fe  ^ Concentration 

The  presence  of  Fe*^  in  the  electrodeposition  bath  was  due  to  deli- 
berate additions  of  iron  oxalate  to  reduce  Cr^  to  Cr*^  and/or  dissolution 
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Ta&le  7.1  Variation  of  As-Cepoilted  Film  0»idB  Content  witn  flcstic 
AciO  and  CrOj  Acid  Concentrations  in  the  Electrodeposition 
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of  the  mild  steel  snode.  Pettit  et  al observed  no  significant 
effect  of  Fe*^  concentrations  of  < 3.5  g/1  on  the  black  chrome  films 
except  for  a small  increase  in  the  solar  absorptance  (S  II)  with 
decreasing  Fe  ^ concentrations.  However,  higher  concentrations  were 
observed  to  cause  codeposition  of  Fe.  The  Fe*^  concentrations  gsed 
in  this  study  were  S 7.6  g/1,  No  Fe  was  deposited  in  any  of  these 
black  chrome  films.  Variation  in  optical  properties  (or  oxide  content) 
were  evidently  more  related  to  changes  in  the  other  deposition  parameters 
than  to  changes  in  Fe*^  concentrations. 

Cr*^  Concentration 

The  concentration  of  Cr*^  in  the  bath  is  directly  related  to  the 
CrjOj  content  of  the  as-deposited  black  chrome  film.  Figure  7.5  is  a plot 
of  the  variation  of  the  as-deposited  CcjOj  content  of  the  different  films 
as  a function  of  concentration  in  the  bath.  Note  that  at  low  Cr*^ 
concentrations  (S  7 g/1),  the  oxide  content  in  the  as-deposited  film  Is 
2 COS.  The  oxide  content  decreases  to  30  - 401  when  the  Cr*^  concentration 
is  7.0  - 8.5  g/1.  At  16  g/1  concentration,  the  Cr^O^  content  was  observed 
to  be  40  - 501.  This  is  true  even  when  comparing  films  deposited  from 
baths  where  the  other  parameters  (CrOj,  acetic  acid,  etc.)  were  not  held 
constant.  The  effect  of  Cr*^  concentration  in  the  bath  on  the  oxide  con- 
tent is  not  completely  independent  of  the  other  variables.  Pettit  et  al.®^ 
reported  that  low  Cr*^  concentrations  (S  6.5  g/1)  in  a bath  with  acetic 
acid  concentration  of  ' 27  vol.I  and  CrOj  concentration  of  - 330  g/1 
produced  gray  coatings.  Reduction  in  the  CrOj  concentration,  however, 
reeulted  in  bluish  coatings,  as  was  observed  in  this  study. 
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Figure  7.5  Variation  of  as-deposited  Cr,0,  with  Cr*^  concentration  in 
ttie  electrodeposition  bath.  ‘ 


Cumnt  Dgnsity  and  OeposUiofi  Tlie 


These  two  parameters  principally  affect  the  deposition  rate  and  the 
film  thickness.  Increasing  the  deposition  time  increased  the  film  thick- 
ness. The  effect  of  increased  film  thickness  was  to  shift  the  absorption 
edge  to  longer  wavelengths  (see  preceding  sections). This  resulted  in 
increased  solar  absorptance  although  the  thermal  emittance  also  increased. 
For  example,  37Q,  which  was  thicker  than  37F  had  its  absorptance  edge  at 
- 1.6  Uhl  rather  than  - 1.4  ym  (for  37F),  higher  solar  absorptance  (as  can 
be  deduced  from  the  reflectance  curves)  and  higher  themial  enittance  (0.173 
for  378  and  0.098  for  37F). 

The  current  density  affects  the  film  thickness  by  affecting  the 
deposition  rate.  For  example,  films  298a  and  29C  were  deposited  under 
identical  conditions,  except  that  29C  was  deposited  at  193  mA/cm^  and 
296a  at  176  mA/cm^.  Although  both  had  the  same  volume  fraction  of  oxide, 
comparison  of  the  reflectance  data  showed  that  29Ba  degraded  more  rapidly 
than  290.  Auger  sputter  data  showed  that  film  29C  was  - 251!  thicker  than 
298a  and  this  increased  thickness  was  responsible  for  the  Improved  thermal 
stability. 


Optimum  Deposition  Conditions 

The  optimum  deposition  conditions,  on  the  basis  of  their  effect  on 
the  optical  properties  and  thermal  stability  are  those  with  which  film 
37Q  were  deposited.  They  are  as  follows: 

CrOj  306.2  g/1 

Acetic  Acid  26.84  vol.J 


8,5  g/1 
6,92  g/1 
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Temperaturs  20  - 25“C 

Current  density  184  mA/cm^  for  S minutes 

Pettit  and  Sowell^^  have  suggested  ootimum  deposition  conditions  as 
follows: 


CrOj 


332  t A 9/1 
27  ± 1 vol.S 
8 t 0.5  g/1 
7.5  ± 1 g/1 

18  - 2S»C 


Comparison  of  the  deposition  conditions  for  370  with  those  suggested  by 
Pettit  and  Sowell  show  that  they  match  well , except  that  370  was  deposited 
with  slightly  lower  CrOj  concentration.  This  indicates  that  the  concentra- 
tion ranges  suggested  by  Pettit  and  Sowell  may  be  more  restrictive  than 
necessary.  However,  their  suggested  range  of  deposition  parameters  (with 
the  exception  of  CrOj)  did  produce  the  most  sUble  black  chrome  films. 


CHAPTER  Vni 
CONCLUSIONS 


The  results  discussed  in  the  previous  chapters  show  that  the  properties 
of  the  black  chrome  film  are  dependent  on  the  deposition  conditions.  Opti- 
mum deposition  conditions,  derived  on  the  basis  of  the  optical  properties 
and  thermal  stability,  are  similar  to  those  recoiraiended  by  Pettit  and 
Sowell, except  that  chronic  acid  concentration  is  less  (306  g/1  instead 
of  332  g/1). 

In  this  study,  the  compositions  of  the  black  chrome  films  were  calcu- 
lated from  Auger  sputter  depth  profiles  and  XPS  data.  Sputter  reduction  of 
Cr^Oj  to  Cr  was  observed,  but  remained  constant  after  - I minute  of  sputtering 
(<  so  A).  Sputter  reduction  of  Cr^Oj  was  accounud  for  in  data  reduction. 
Differential  sputtering  of  Cr^Oj  relative  to  Cr  was  also  observed,  but  the 
effect  on  sputter  profiles  was  shown  to  be  negligible.  The  oxide  contents 
calculated  from  AES  and  XPS  data  showed  good  precision  (:  5X),  Indicating 
that  the  method  used  for  quantification  was  reasonable. 

Black  chrome  films  followed  logarittrniic  oxidation  behavior  when 
thermally  exposed,  I.e.,  rapid  oxidation  during  the  first  few  hours  of 
thermal  exposure  followed  by  increasingly  slower  oxidation.  This  was 
observed  even  though  the  as-deposited  films  contained  30  - SOS  oxide. 

Therefore,  the  as-deposited  oxide  was  generally  non-passivating  and  only 
oxide  formed  during  thermal  exposure  would  protect  the  Cr  particles  from 
further  oxidation.  The  oxidation  behavior  of  black  chrome  is  similar  to 
that  of  pure  bulk  Cr.  Oxidation  data  obtained  on  pure  Cr  can  hence  be 
used  to  predict  the  stability  of  black  chrome  films. 
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The  solar  absorptance  of  black  chroma  films  was  directly  related  to 
the  oxide  content.  It  remained  constant  at  Us  ouiinium  value  when  the 
oxide  content  was  in  the  range  of  10  ' 75S  (:  5S)  during  service.  Below 
and  above  this  range,  solar  absorptance  decreased  rapidly.  Therefore,  as- 
deoosltad  films  that  had  ••  3M  oxide  were  the  most  stable  since  thermal 
exposure  raised  their  oxide  content  into  the  optimum  range.  Films  with 
40  ' SOS  as-deposited  oxide  degraded  rapidly  during  thermal  exposure  since 
their  oxide  content  increased  rapidly  to  > SOS. 

Hhile  the  solar  absorptance  was  principally  controlled  by  the  compo- 
sition and  structure  of  these  films,  the  thermal  emittance  was  more  depen- 
dent on  the  optical  properties  of  the  substrate.  The  high  reflectance  of 
metal  substrates  at  long  wavelengths  (2  - 20  pm)  Is  the  main  reason  for  the 
low  emittance  of  these  absorbers.  However,  increasing  film  thickness  and 
decreasing  oxide  content  (within  the  optimum  range)  increases  the  thermal 
emittance  due  to  a shift  in  the  absorption  edge  to  longer  wavelengths  and 
due  to  larger  amounts  of  multiple  scattering  between  particular  Cr. 

Model  calculations  suggest  that  the  Maxwell-Garnett  theory  can  be 
extended  to  predict  the  behavior  of  black  chrome  films.  The  microstructural 
model  comprised  of  a sphere  of  Cr  metal  coated  wUh  dense  Cr^Oj  embedded  in 
a matrix  of  voids  and  amorphous  Cr-0,  gave  dielectric  constants  that  predict 
reflectance  (and  absorptance)  values  similar  to  Chose  experimentally  observed. 
Kowever,  non-incorporation  of  effects  such  as  void  volume/distribution  and 
agglomerate  site/distribution  limits  the  accuracy  of  the  predictions.  Fur- 
thermore, experimental  evidence  suggests  that  these  films  are  not  as  simple 
as  those  used  for  mode!  calculations.  The  real  films  have  a dense  outer 
Cr^Oj  layer  covering  a structure  of  agglomerates.  Thermal  exposure 
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causes  a non-unfform  Increase  In  oxide  content  in  the  film.  The  thickness 
of  the  outer  Cr^Oj  layer  increases  with  increasing  oxiOe  content,  although 
there  is  a somewhat  smaller  increase  in  oxide  content  within  the  film  as 
well.  Such  non-uniform  increases  must  be  incorporated  for  any  model  calcu- 
lations to  be  realistic.  The  void  yotume  and  distribution  is  either  non- 
uniform  in  the  as-deposited  films  or  becomes  so  with  thermal  exposure, 
indicating  an  inherent  limitation  in  all  model  calculations  to  date. 

The  primary  area  in  which  additional  experimental  data  is  required 
is  with  respect  to  voids.  Knowledge  of  their  volume  and  distribution  is 
essential  before  any  improvements  can  be  envisaged.  By  changing  the  void 
content/distribution,  the  optical  properties  and  the  thermal  stability  can 
botn  be  altered.  Experimental  data  presented  in  this  study  suggest  that 
such  species  as  Cl  can  be  used  to  determine  (connected)  void  distributions 
while  areal  density  measurements  can  be  used  to  obtain  total  void  volume. 

Theoretical  model  calculations  are  presently  limited  by  their  assump- 
tions of  uniform  void  volume/distribution  and  oxide  content  variation  in 
the  film.  As  shown  in  this  study,  void  volume/distribution  is  clearly  non- 
uniform.  Its  effect  must,  therefore,  be  incorporated.  Better  modeling  of 
the  oxide  content  distribution  in  black  chrome  films  is  necessary  before 
model  calculations  can  be  considered  realistic.  The  distribution  of  oxide 
is,  again,  clearly  different  from  that  assumed  in  model  calculations  to  date. 


APPENOU  A 

SRUEGEHAN  SYmETRICAL  EFFECTIVE  MEDIUM  (BEM)  THEORY 


This  IS  the  secona  major  theory  of  dielectric  functions  for  a complaa 
In  this  theory,  the  matrix  and  the  particles  are  treated  on 
an  equal  basis,  i.e..  they  are  both  considered  to  be  1n  particulate  form 
and  approximately  symnetrlcal  to  each  other. 

The  BEM  dielectric  constant  can  be  derived  from  the  model  shown  in 
Figure  A.l,^^’*^  Consider  that  the  particles  are  spherical  and  that  they 
are  embedded  in  a uniform  medium  with  an  effective  dielectric  constant,  Cj. 
For  a field  far  from  the  particle,  the  dipole  moment  associated  with 
the  volume  under  consideration  is*^ 


(A-1) 


V » volume  of  the  region,  and 

C|  » dielectric  constant  of  the  particle. 

This  polarization  produces  a deviation  from  E , whose  space  integral  is 
-4irp.‘  ’ For  two  types  of  particles  (see  Figure  A.l),  the  net  polarij 


f],  fj  = volume  fractions  of  particles  I and  2 in  Figure  A.l, 

respectively  (particle  and  matrix  in  our  case)  [f,  = 1-fj] 
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Cj.Ej  - dielectric  constants  for  particles  I and  2,  respectively. 
Solving  equation  (A-2), 

^8  ' r + (A-3) 


Y » Ofj-Dc^  * {3f,-l)e,- 

This  equation  can  be  generalited  for  any  number  of  components,  viz.. 


The  above  equation  is  valid  only  for  spherically  shaped  components.  The 
approach  can  be  generalized  for  ellipsoids, resulting  in 


■here  Lj  is  the  depolarizing  factor  for  the  ith  type  particle.  Since 
equation  (A-5)  is  not  a linear  equation  in  cj,  solutions  based  on  it  nave 
been  restricted  to  cases  that  can  be  solved. 

Tbe  results  obtained  with  the  B£M  theory  and  the  MG  theory  are 
quite  different. Although  the  two  theories  can  lead  td  the  sane  result 
(under  certain  conditions), MG'S  approach  is  considered  more  suit- 
able for  cases  where  the  film  structure  is  well  described  by  a matrij 
having  a distribution  of  spherioal  inclusions.  In  other  words.  MG  theory 
is  more  appropriate  for  situations  topologically  equivalent  to  the  case 
where  the  dielectric  is  constrained  to  have  a distribution  of  spherical 
inclusions.  ^ fln  the  other  hand,  the  BEH  theory  should  be  considered 
more  suitable  for  systems  where  the  constituent  materials  enter  on  an 


APPENDIX  B 

PROCEDURE  FOR  DEPOSITION  OF  BLACK  CHROME  FILMS 
ONTO  NICKEL  PUTED  PLAIN  CARSON  STEEL  SUBSTRATE 

1)  Cut  suDstrstB  to  dasireU  site  (-  35  x 80  mm). 

2)  Vaoor  aegrease  In  tr-fchloroethylene  for  more  than  IS  minutes. 

3)  Etch  in  fresh  agua  regia  for  5 minutes.  Mount  in  substrate 
holder  (Figure  3.3). 

4)  Soak  in  agitated  Alconok  solution  for  about  15  minutes. 

51  Iirmerse  in  agitated  71  g/1  NaOH  solution  at  65  - 80°C  for 

1 - 2 minutes. 

6)  Rinse  in  tap  water  (by  iitmersion)  for  2 - 3 minutes. 

7)  Inmerse  in  105  H^SO,  solution  at  room  temperature  for 
1 - 3 minutes. 

8)  Rinse  in  tap  water  (by  imitersion)  for  2 - 3 minutes. 

9)  Rinse  in  deionized  and  distilled  water  (by  imnersion). 

10)  Spray  rinse  with  deionized  and  distilled  water. 

11)  Rinse  in  deionized  and  distilled  water  (by  iimersion) . 

12)  Electrodeposit  black  chrome  using  the  apparatus  shown  in 
Figure  3.2. 

13)  Rinse  in  deionized  and  distilled  water  (by  Immersion). 

15)  Rinse  in  deionized  and  distilled  water  (by  imnersion). 

16)  B1 ow  dry . 

guently  to  avoid  contamination  and  loss  in  effectiveness.  One 
ortant  precaution  that  must  be  followed  is  that  tne  substrate  must 
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be  allowed  to  dry  between  the  procedural  steps.  Also,  no  more  than 
specified  time  must  be  allowed  for  each  step,  otherwise  poor  adhesion 


the  deposit  results. 


APPENDIX  C 

ANALYSIS  OF  THE  ELECTRODEPOSITION  BATH 

The  procedure,  outlined  below  for  determining  the  Cr*^  concentration, 
Fe*^  concentration,  chromic  acid  content  and  acetic  acid  content  are  Oased 
on  those  suggested  by  Erickson.'^’  Briefly,  the  Cr*^  concentration  is 
deteniiined  by  measuring  the  transmittance  at  590  nm  and  correlating  that 
to  Cr*^  concentration  on  a standard  curve.  The  Fe*^,  CrOj  and  acetic 
acid  concentrations  are  obtained  from  titrations  against  standard  solutions. 

Cr*^  Concentration 

a)  Filter  plating  bath  solution, 

b)  Transfer  S ml  to  a 100  ml  volumetric  flask. 

c)  Add  0.4  ml  concentrated  phosphoric  acid  (854). 

d)  Make  up  to  100  ml  with  distilled  water  and  mix. 

e)  Transfer  to  curette. 

f)  Set  spectrophotometer  wavelength  at  S90  nm  and  distilled  water 
transmittance  at  1004. 

g)  Measure  the  transmittance  of  the  unknown  samples. 

h)  Read  off  the  Cr*^  concentration  In  g/1  from  a standard  curve 
(shown  in  Figure  C.l 1. 

The  standard  curve  was  obtained  as  fellows: 

a)  5.658  g of  pure  kjCrjOj  was  dissolved  in  400  ml  distilled 
water  (in  a 600  ml  beaker). 

b)  2 ml  concentrated  H^SO^  acid  was  added  and  mixed  well. 
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c)  Sulfur  dioxide  gas  was  bubbled  through  the  solution  for  more 
than  half  an  hour.  This  reduced  all  the  Cr*®  to  Cr*^, 

d)  The  solution  was  then  heated  to  near  boiling  for  more  than 
2 hours  to  remove  all  excess  SOj. 

e)  The  cooled  solution  was  then  diluted  to  1 liter  in  a volumetric 
flask.  This  solution  contained  Z mg  Cr*^  per  ml. 

f)  Standard  solutions  were  then  made  using  this  solution  in  100  ml 
volumetric  flasks,  as  shown  in  Table  C.l.  The  table  also  shows 
the  other  constituents  added. 

The  additions  of  kjCrjOj,  acetic  acid  and  phosphoric  acid  were  used  to 
simulate  the  presence  of  Cr*^  and  the  acids  in  the  electrodeposition  bach. 
Phosphoric  acid  reduces  the  interference  due  to  Fe*^  (in  the  bath)  at  the 
transmitted  wavelength.  The  instrument  used  for  measurement  of  transmit- 
tance was  a Perkin-Elmer  UV-VIS  spectrophotometar  (double  beam)  with 
wavelength  set  at  S90  nm  (1  nm  slit). 


The  procedures  followed  for  analysis  of  these  three  constituents  are 
shown  in  block  diagram  form  (Figure  C.Z).  The  equations  used  to  calculate 
the  concentrations  are  as  follow: 


Analysis  of  CrO-,  Acetic  Acid  and  Fe*^  Concentration 


CrOj  (g/1 ) = M X N 


83.317 


(C-1) 


(C-Z) 


Fe*^  (g/1) 


X £ X 59.847 


(C-3) 
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Table  C.l  Composition  of  Solutions  Used  to  Obtain  SUndard 
Curve  { Figure  C.I ) 


Eouiva! ent 
Cr*3  in  bath 

Cr*-* 

ml  of  2 mg/ml  soln. 

HjPO^ 

Acetic  Acid 

KjCr^Oj 

0 

0.4  ml 

1 .1  ml 

2.5  g 

0 

S m1 

0.4  ml 

1.1  ml 

2.5  g 

2 g/1 

10  mi 

0.4  m 

1.1  ml 

2.5  g 

4 g/1 

20  ml 

0.4  ml 

1.1  ml 

2.5  g 

8 9/1 

30  ml 

0.4  ml 

1 .1  ml 

2-5  g 

12  g/1 

1 plating  solution  to  1 liter  in  volunetric  flask 


Transfer  10  ml  I 
into  2S0  ml  flask 

Transfer  25  ml  I 
into  250  ml  flask 

Add 

100  ml  distilled  Hp 
15  ml  1 :1  HjSOd  5 m 
HgPOg,  and  2 drops 
ferroin  Indicator 

Add 

100  ml  distilled 
HgO  and  several 
drops  of  IS  phenoi- 
phthalein indicator 
sol uti on 

1 

Titrate  aginst 
standard  ferrous 

to  a salmon  orange 
endpoint 

Titrate  against 
standard  NaOH  to 

endpoint  that 
persists  for  i 1 min 

J 

Calculate  Cr03 
concentration 
using  equation 

Calculate  acetic  acid 
concentration  using 
equation  (C-2) 

Add  a small  amount 
of  Erioclirome 
cyanine  R”  until 


Titrate  slowly 
against  standard 
EDTA  unti 1 Prignt 
orange  endooint 


Figure  C.2  Procedure  for  analysis  of  CrOj.  acetic  acid  and  Fe*^ 
in  black  chrome  electrodeposition  baths. 
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M ■ ml  of  stSRflariJ  ferrous  aimonium  sulfate, 

N = normality  of  standard  ferrous  ammonium  sulfate  (0-1  N), 

A = molarity  of  acetic  acid  used  (17.5), 

B = ml  of  standard  NaOH, 

D = normality  of  standard  NaOH  (0.5  N), 

C a CrOj  concentration  (g/1)  determined  for  the  tath  using 
equation  (c-1), 

Tj  • ml  of  ettiylenediamine  tetraacetate  (EDTA)  solution,  and 
E = molarity  of  EDTA  solution  (0.1  H). 

The  standarditatlon  of  the  solutions  (tltrants)  Has  done  using  procedures 
listed  in  almost  all  standard  chemistry  texts.’® 


APPEHOIX  D 

QUANTIFICATION  OF  AUGEB  SPUTTER  DATA 

The  formula  used  In  Chapter  V (equation  (5.1))  to  calculate  the 
volune  fraction  of  Cr^Oj  in  the  Black  chrome  films  1s  derived  on  the 
basis  of  the  following  assumptions, 

1)  The  Auger  Cr  signal  detected  (at  any  instant)  from  the  black 
chrome  film  is  a suomation  of  the  signals  due  to  the  metallic 
Cr  and  Cr  as  Cr^O^  In  that  segment  of  the  film  being  analyzed. 

2)  The  Cr  peak  height  of  the  detected  signal  varies  linearly  with 
the  amount  of  oxide. 

3)  Sputtering  rate  is  constant  for  mixtures  of  Cr  and  Cr^Oj. 

4)  All  the  oxide  present  in  the  film  is  CrjOj.  There  is  no  Ni 
oxide  formed  until  the  Olaok  chrome  film  is  completely  oxidized. 

The  assumptions  are  reasonable,  with  one  exception.  The  different 
constituents  are  assumed  to  sputter  at  the  same  rate,  i.e.,  differential 
sputtering  is  not  considered.  Experimental  evidence  suggests  that  Cr^Oj 
sputters  twice  as  fast  as  Cr,  Therefore,  any  equation  derived  on  the  basis 
of  these  assumptions  gives  results  which,  though  reasonable,  are  not  com- 
pletely quantitative. 

The  volume  fraction  oxide  in  the  film  segment  being  analyzed  is 


dcrJcr  0 intensity  of  Cr  due  to  Cr^Oj,  and  is  the 

total  Cr  peak  intensity  deteoted. 
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® '^Cr'metal  “ 


" P“'-«  '^'•203-  Tlie  values  of  « and  d 


ting  1n  eggation  (0-1) 

'"!«)  ■ >'crlcr,0,  * l'cr)c. 


^■ITTTip 


. |IC,)C,  1.  ».  tr  „.l  , 

,t.r.  of  tr  ..d  cr,»,  ..d  td.t  n.  . 


will 


m 


cf  tha  voiume  fraction  of  Cr^Oj  in  tne  ontire  film,  i.e., 

° i«cr  • V*”  * *o'* 

where  A,  and  represent  the  areas  under  the  0 and  Cr  AES  sputter 
profiles,  respectively.  Equation  (0-4)  is  the  equation  used  in  Chapter  V 
(equation  (5.1))  to  calculate  the  oxide  contents.  It  should  he  noted  that 
the  experimental  value  of  0.37  for  H is  consistent  with  the  assumptions 
used  to  derive  equation  (0-4).  This  is  because  H would  equal  0.4  when  Cr 
is  converted  to  Cr^Oj. 


APPENDIX  E 

EFFECT  OF  SIOj  OVERLAVER  ON  BLACK  CHROME  OXIDATICW 

Electrodeposited  tilack  cHrome  coatings  exhibited  constant  and  hign 
values  of  Oj  when  the  CrjOj  «as  inaintained  between  40  - 75J.  To  determine 
the  effect  of  an  overlayer  on  the  oxidation  of  black  chrome  films  when 
thermally  exposed,  some  of  the  films  were  coated  with  a thin  layer  of 
SiOj.  The  overlayer  was  thermally  evaporated  onto  the  black  chrome  films 
In  a vacuum  system  where  the  residual  pressure  was  S 2 x 10”^  Torn.  The 
overlayer  of  SiOj^  became  SiOg  after  a short  period  of  thermal  exposure; 

Si02  was  identified  from  the  characteristic  AES  chemical  shift  of  Si.'^^ 

Typical  AES  sputter  profiles  of  a SiOj-coated  black  chrome  film  is 
shown  in  Figure  £.1,  Si  is  seen  to  be  restricted  close  to  the  surface 
although  increased  thermal  exposure  caused  gradual  diffusion  of  Si  into 
the  bulk  of  the  black  chrome  film.  Assuming  that  all  the  Si  is  present 
as  SiOj,  the  amount  of  Cr^Oj  was  calculated  using  equation  (5.1),  but 
after  compensating  for  the  presence  of  SiO,.  The  integrated  oxygen  area 
was  modified  using 

*o°*o’*Si''' 

here  A^  is  the  modified  integrated  area,  A^^  is  the  total  oxygen  integrated 
area,  Aj,  is  the  area  under  the  Si  profile  and  R'  is  the  ratio  of  the  0 to 
Si  Auger  peak  heights  in  SiO,  [R  ° 0.46),  A'  was  the  value  used  in  equation 
(5.1)  instead  of  A,,. 

The  effect  of  the  SiOj  overlayer  on  the  oxidation  of  black  chrome  is 
evident  from  the  plots  shown  in  Figure  E.2.  The  oxide  content  as  a function 
of  thermal  exposure  of  two  black  chrome  films,  with  and  witnout  SiOj  is 
203 
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plotted.  Both  the  films  sho«  that  although  the  behavior  ivas  still 
logarithmic,  the  SiOj  averlayer  reduced  the  amount  of  Cr^Oj  in  the  film 
at  any  specific  time-temperature  combination.  Pettit  and  Orinker’^^ 
subseouently  observed  a similar  effect  when  a sol-gel  coating  was  used. 

The  results  indicate  that  an  overlayer  of  SiOj  reduces  the  Cr^Oj 
content  of  the  black  chrome  film  upon  thermal  exposure,  but  does  not 
change  the  rate  limiting  mechanism  for  oxidation. 
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